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CHAPTER 1.  OVERVIEW 
Soybeans 
 Soybean plants (Glycine max), dubbed the “miracle crop”, are the world’s foremost 
provider of vegetable protein and oil [1]. These legumes produce protein- and oil-rich seeds 
that have been harvested for millennia in China [1, 2]. Initially soybeans were mainly 
considered a forage crop in the United States, but in the early twentieth century researchers 
such as George Washington Carver recognized its potential for vegetable protein and oil, as 
well as nitrogen fixation [1]. Soybean acreage grew slowly and prior to World War II the US 
imported much of its edible fats and oils [1, 2]. However, the outbreak of World War II 
resulted in severed supply lines which made it imperative for Americans to produce their 
own edible fats and oils, thus soybean production increased dramatically [1, 2]. The inclusion 
of soybean meal in low-cost animal feed provided additional demand for soybeans [1]. From 
the 1950’s through the 1970’s the US was producing approximately 75% of the world’s 
soybeans [2]. Increased production by other nations, especially Brazil and Argentina, 
eventually lowered that percentage. In 2008 the federal Biodiesel Tax Incentive added even 
more demand, as soybeans accounted for 2.6 billion liters of biodiesel fuel [1]. Today, 
soybeans are used as ingredients in animal food, human food, fuel, plastics, engine oils, 
paints, and many other products [3]. 
 Currently the US is the leading soybean producer in the world with over 91 million 
metric tons produced in 2009, which is 38% of the total world soybean production [4, 5]. In 
2009 the US produced its largest soybean crop with 31.4 million hectares planted, and the 
crop was valued at more than $31.7 billion (0.2% of total 2009 US economic output) [6, 7]. 
In the US, soybeans are second only to corn in crop production and soybeans are the number 
one crop export, valued at more than $21 billion in 2009 [1, 8]. Advances in biotechnology 
have helped soybean yields increase 36% from 1989-2009 and fully 91% of soybean crop 
area in the US in 2009 was planted with biotechnology seed stock [9, 10]. Within the United 
States, Iowa is the leading soybean producer (13.23 metric tons) and total Midwestern/plains 
states’ (Iowa, Ohio, Indiana, Michigan, Wisconsin, Minnesota, Illinois, Missouri, North 
Dakota, South Dakota, Nebraska, and Kansas) production accounts for 82% of total US 
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production [11]. Overall, soybeans are a valuable part of American agriculture and any 
disruption in soybean production would have significant economic implications. 
Soybean Aphids 
 The soybean aphid, Aphis glycines Matsumura (order Hemiptera, family Aphididae) 
is a yellowish-green, tear-dropped shaped phloem-feeding insect a few millimeters in length. 
A. glycines was known to be a major soybean insect pest in Asia in the twentieth century 
(reviewed in [12]), but this pest did not reach soybean plants in America until around the 
year 2000 when they were first spotted in the Midwest [13, 14]. The soybean aphid quickly 
became the most serious insect threat to soybean production in the US [15] and field 
experiments have shown that aphids can cause yield losses reaching 42% [16]. Aphids cause 
further harm by spreading soybean viruses such as the Soybean mosaic virus [17].  
 The A. glycines life cycle involves two hosts. Aphids overwinter on the common 
buckthorn (Rhamnus cathartica) and in the spring winged females migrate to soybean plants, 
their hosts until autumn when they return to the buckthorn [18]. On soybean plants the 
females rapidly reproduce by parthenogenesis. In ideal growth chamber conditions soybean 
aphid populations can double in less than two days [19] but in the field it takes about seven 
days [15]. Soybean aphids can virtually cover a soybean plant. In field studies in which 
soybean plants are caged to prevent predation and other interference, a single aphid can 
proliferate into more than 4,000 aphids on a single plant [20], and a single plant’s infestation 
peak was shown to be more than a month after initial colonization [21].  
 Aphids feed by inserting their stylets, modified mouth parts, into the sieve elements 
and obtaining phloem sap [22]. This diet is sugar-rich but aphids also need nitrogen and 
essential amino acids, which they obtain from free amino acids in the phloem sap [23]. This 
diversion of photosynthates and other nutrients from the plant is the cause of significant yield 
loss, specifically lower number of pods per plant, lower number of seeds per pod, smaller 
seeds, and lower oil content of the seed [20]. A comprehensive field study found that for 
every 10,000 aphid-days there’s a 6.88% yield loss [15]. Infestations in Minnesota in 2003 
and Iowa in 2005 surpassed 10,000 aphid-days [15]. With soybean crops valued in the tens of 
billions of dollars, soybean aphids could easily cause millions of dollars in damage in a given 
year. 
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Recently researchers have discovered genetic diversity in the soybean aphid 
population in the United States. Three biotypes (1,2,3) have been characterized based on their 
ability to colonize different aphid-resistant soybean cultivars [24, 25].  
 The soybean aphid has many natural enemies. Examples of insect predators include 
lady beetles (Coccinella septempunctata), lacewings (Chrysoperla carnea), true bugs (Orius 
insidiosus), and parasitoid wasps (Lysephlebus testaceipes) [12, 26, 27]. In some places in 
Asia it appears that natural enemies keep aphid populations under control but farmers in the 
US have not been so fortunate. 
Plant Defense 
 Plants have evolved complex biochemical defense mechanisms that begin with the 
detection of elicitors, compounds that indicate a pest or pathogen attack. When plants are 
challenged with aphids, it has been hypothesized that elicitors could include aphid salivary 
proteins [28, 29] or the insect oligosaccharide chitin [30]. Minutes after recognition of attack 
there is often a non-specific defense reaction known as the oxidative burst that involves the 
production of reactive oxygen species (ROS) such as superoxide radicals and hydrogen 
peroxide [31]. ROS has antimicrobial activity, induces cross-linking in the cell wall, and 
activation of defense-related transcript expression [31, 32]. In effective defense responses the 
plant eventually deploys a specific defense depending on the type of pathogen or pest. For 
attackers that cause massive tissue damage such as caterpillars, plants produce toxins such as 
proteinase inhibitors, glucosinolates, and alkaloids [33]. When challenged by viruses or 
pathogenic bacteria that require nutrients from the plants cells to survive, plants often resort 
to the hypersensitive response (HR), destroying their own cells in order to deprive the 
pathogen of nutrients [34]. Instead of directly attacking an invader, plants sometimes team up 
with the invader’s natural enemies. Soybeans, for example, are known to emit the volatile 
methyl salicylate in response to aphid infestation, and this volatile is able to attract lady 
beetles, known predators of soybean aphids [27].  
In addition to combating a present attack, plants activate defenses in unaffected parts 
of the plant for protection against future attack. When this activation involves the plant 
hormone salicylic acid (SA) it is known as systemic acquired resistance (SAR) and it protects 
against a broad range of pathogens, not just the current attacker [35]. Another type of 
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systemic defense activation occurs when non-pathogenic root bacteria induce resistance 
against pathogenic bacteria; this is known as induced systemic resistance (ISR) and it 
involves the phytohormones jasmonic acid and ethylene [36]. The mobile signals for ISR and 
SAR can be sent to distant parts of the plant by way of the plant’s vascular system or they 
can be emitted from leaves as volatile organic compounds (VOCs) to be detected by other 
leaves [37, 38]. When these distant parts of the plant are mobilized for defense but have not 
yet been attacked, they are said to be in a “primed” state. In the primed state tissues have not 
fully deployed defenses, but they are more sensitive to defense activation cues [37]. In cases 
in which plants are in close proximity, as in a field or a growth chamber, plants may 
eavesdrop on their neighbors VOC emissions [37]. This airborne priming would enable 
plants that have not yet been attacked to prepare defenses and ensure they are ready for future 
attack. 
Phytohormones 
 The fine-tuned control of the different biochemical defense mechanisms is carried out 
by plant hormones. Shortly after detection of an attack, a defense hormone is induced. The 
hormone is detected and induces “response genes” which typically work to implement 
specific defenses such as toxin production. Defense responses are often categorized based on 
the controlling hormone. The three major phytohormones responsible for mediating defense 
responses to pests and pathogens in soybean are jasmonic acid (JA), ethylene (ET), and 
salicylic acid (SA).  
 Decades of plant defense research have provided many examples of effective defense 
hormones for a multitude of plants. The oxylipin JA is possibly the most prevalent defense 
hormone and it is implicated in responses to insects, including aphids, and other invertebrate 
herbivores in Arabidopsis and other plants (reviewed in [33]). ET is best known for its role in 
fruit ripening, but it’s also often induced as part of defense responses and a study of soybean 
ethylene-insensitive mutants showed that ET can be effective against some pathogens [39]. 
The phenolic SA is the most prevalent defense hormone in interactions with biotrophic 
pathogens and often induces the expression of pathogenesis-related (PR) proteins (reviewed 
in [40]). Abscisic acid (ABA) is known to be the dominant phytohormone in abiotic stress 
responses but recently it has been observed to also be active in defense (reviewed in [41]). 
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There are many examples of interactions among the phytohormones (reviewed in [42]). ET 
and JA work together in ISR [43], while SA and JA signaling have been shown to be 
antagonistic in Arabidopsis (reviewed in [44]). There have also been examples in which JA 
and SA can confer some resistance to the same pathogen, suggesting that it is possible that 
multiple hormones can be effective against the same attacker [45, 46]. Another antagonistic 
example would be ABA suppressing SA defenses in soybeans [47] and tomato [48].  
 Pathogens have been known to either produce or induce plant hormones, presumably 
to manipulate the plant’s signaling to activate an ineffective decoy response that distracts the 
plant or suppresses the plant’s effective defense response. One possible example in soybean 
is production of ET by Pseudomonas syringae. SA, not ET, is known to mediate the effective 
defense against P. syringae [49-51], and mutants that cannot produce ET are less virulent 
[52]. Another example is P. syringae induction of ABA during infection of Arabidopsis. 
ABA suppresses SA signaling and thus dismantles the plant’s defense against P. syringae. 
 Examples of hormones associated with response to aphids from several plants are 
shown in Table 1. In some cases a hormone is induced but it is not clear if this corresponds to 
the effective defense hormone or a decoy response. Clearly there is no consistent aphid 
defense hormone. Phylogenetically, the closest plant to soybean in Table 1 is the model 
legume Medicago truncatula and the closest aphid to the soybean aphid is Aphis gossypii.  
 Researchers can determine which hormone mediates the effective defense response 
based on mutants, hormone assays, exogenous hormone application, and transcriptional 
profiling studies. A gene whose transcript is known to be correlated with a specific hormone 
is a marker gene. In transcriptional profiling studies one or two marker genes are often used 
to determine the induction or suppression of a particular hormone signaling pathway. 
Currently, soybean researchers do not have a bioinformatics tool specifically designed to 
calculate relative induction or suppression of hormone signaling pathways, based on 
transcriptional data, to aid in effective hormone defense determination. 
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Table 1.  Phytohormones in aphid responses. Diverse responses to aphid infestation are shown for a variety of plants. Researchers measured hormone 
levels, determined transcript expression, tested mutants, or tested exogenous hormone application. In some examples there’s evidence that the hormone is 
part of the effective defense and in others the hormone is induced but not necessarily as a defense. 
 
Plant Aphid Hormone Details Reference 
Apium graveolens  (celery) Myzus persicae  (green peach) ET Induction of ET response transcripts Divol et al. 2005 [53] 
Arabidopsis thaliana Myzus persicae  (green peach) JA JA enhances resistance Ellis et al. 2002 [46] 
Arabidopsis thaliana Brevicoryne brassicae  (cabbage) SA & JA Induction of signaling transcripts Kusnierczyk et al. 2008 [54] 
Arabidopsis thaliana Brevicoryne brassicae  (cabbage) SA SA signaling enhances susceptibility Mewis et al. 2005 [55] 
Arabidopsis thaliana Myzus persicae  (green peach) SA SA signaling enhances susceptibility Mewis et al. 2005 [55] 
Brassica oleracea  (cabbage) Brevicoryne brassicae  (cabbage) ABA Increased ABA levels El-Khawas et al. 2008 [56] 
Brevicoryne brassicae (squash) Aphis gossypii  (cotton) ABA Increased ABA levels El-Khawas et al. 2008 [56] 
Hordeum vulgare  (barley) Rhopalosiphum padi  (bird cherry oat) ET Increased ET production Aragandona et al. 2001 [57] 
Hordeum vulgare  (barley) Schizaphis graminum  (greenbug) ET Increased ET production Aragandona et al. 2001 [57] 
Hordeum vulgare  (barley) Schizaphis graminum  (greenbug) ABA Increased ABA in leaves Casaretto et al. 2004 [58] 
Hordeum vulgare  (barley) Schizaphis graminum  (greenbug) SA Induced in leaves of R and S plants Chaman et al. 2003 [59] 
Hordeum vulgare  (barley) Diuraphis noxia  (Russian wheat) ET Induction of ET biosynthesis transcripts Gutsche et al. 2009 [60] 
Medicago truncatula Acyrthosiphon kondoi  (bluegreen) JA JA enhances resistance Gao et al. 2007 [61] 
Medicago truncatula Acyrthosiphon pisum  (pea) SA Induction of SA signaling transcripts Klingler et al. 2009 [62] 
Solanum lycopersicum  (tomato) Macrosiphum euphorbiae  (potato) SA Involved in Mi-1 resistance Li et al. 2006 [63] 
Solanum lycopersicum  (tomato) Macrosiphum euphorbiae  (potato) ET ET enhances susceptibility Mantelin et al. 2009 [64] 
Sorghum bicolor Schizaphis graminum  (greenbug) SA Induction of SA signaling transcripts Zhu-Salzman et al. 2004 [65] 
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Soybean Defenses 
 Due to the economic importance of soybeans, their pest and pathogen interactions 
have been studied for decades. Recent transcriptional studies have revealed details on the 
HR- and phenylpropanoid-associated response to the bacteria P. syringae [49, 66], a biphasic 
defense response to the fungus Asian soybean rust (Phakopsora pachyrhizi, ASR) [67], the 
phenylpropanoid changes and widespread signaling transcript suppression in response to the 
root parasite soybean cyst nematode (Heterodera glycines, SCN) [68-70], and isoflavonoid-
related induction in response to the oomycete pathogen Phytophthora sojae [71]. Perhaps the 
most studied soybean defense compounds are glyceollins, phytoalexins derived from the 
legume-specific isoflavonoid branch of the phenylpropanoid pathway. Phenylpropanoid 
metabolism leads to SA biosynthesis, lignin biosynthesis, and glyceollin biosynthesis which 
makes the phenylpropanoid pathway a focal point in soybean defense.  
Soybean aphids invaded North America a decade ago, thus they are relative 
newcomers and the soybean defense against aphids has not been well-characterized. There 
have been many physiological studies and field studies, and two that link potassium 
deficiency effects, amino acid changes and aphid performance are particularly interesting 
[72, 73]. A few metabolomics studies have focused on free amino acid changes in response 
to aphid colonization in susceptible and resistant plants [66], and on the characterization of 
volatiles emitted by infested susceptible plants [21]. Also, there has been one transcriptional 
profiling study [74] which will be discussed later in this chapter. 
Aphid Resistance Genes 
Aphid-resistance varieties have been identified in many plant species. However, the 
Mi-1.2 gene of tomato (Solanum lycopersicum) is the only cloned aphid-resistance gene that 
has been well-characterized. Mi-1.2 encodes a protein with an CC-NBS-LRR motif, 
functions as a single dominant gene, and confers resistance to a biotype of the potato aphid 
(Macrosiphum euphorbiae), as well as to root-knot nematode (Meloidogyne spp.) and sweet 
potato whitefly (Bemisia tabaci) [75-78]. Mi-1.2 aphid resistance involves SA signaling, and 
SA-induced PR-1 transcript levels increase in response to aphid infestation in plants carrying 
this resistance gene [63]. Local expression of Mi-1.2 is required for aphid resistance [79], but 
increased Mi-1.2 transcript levels do not result in increased resistance [80]. 
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Several soybean cultivars have shown resistance to aphids and there are at least four 
soybean aphid resistance genes; none of which have been cloned [81-84]. The first three 
identified were single dominant genes named Rag1, Rag2, and Rag3. Rag1 controls biotype 1 
(Illinois isolate) of the soybean aphid [24] and is found in cv. Dowling [81]. Rag1 
significantly reduces aphid life expectancy, reproductive rate, and increases nymph mortality 
[85]. Field studies with Rag1 showed it can be incorporated into the germplasm without 
affecting yield [16, 86]. Prior to our work, it was not known if Rag1 conferred resistance to 
nematodes like Mi-1.2. Recently the location of Rag1 in the genome was narrowed down to a 
115 kilobase pair range on chromosome 7 [87]. Rag2 is found in cv. PI243540 and is 
probably responsible for resistance in cv. Sugao Zairai [82, 88]. Rag2 confers strong 
antibiosis-type resistance to soybean aphid biotypes 1 and 2 [82, 89]. Rag3 controls several 
aphid biotypes including biotype 2 and is thought to confer antixenotic resistance [84]. Rag4 
and an unnamed resistance gene are recessive and they confer resistance to aphids in two 
soybean lines (PI 567541B and PI 567598B) [90, 91]. These aphid resistance genes show 
promise, but before they could be incorporated into the germplasm researchers identified new 
aphid biotypes that readily colonized and proliferated on the so-called “resistant” lines.  
Transcriptional Profiling of the Soybean Response to Aphid Infestation 
 In the first large-scale transcriptional profiling of the soybean  response to aphids, Li 
et al. [74] used cDNA microarrays, representing over 18,000 soybean genes, to reveal 
significant responses in both aphid-susceptible (cv. Williams 82) and aphid-resistant (cv. 
Dowling, carrying the Rag1 gene) plants after 6 and 12 hours of aphid infestation. They 
observed a significant resistance response that was stronger at 6 hours post application (hpa) 
than at 12 hpa. This response induced many defense-related genes including homologs of 
resistance (R) genes, PR proteins (PR1a, P21, P-5), HR-associated proteins, and anti-
microbial proteins. Other genes induced in the resistance response were transcription factors 
(including WRKY factors), genes associated with the phenylpropanoid pathway, and a JA 
biosynthesis gene. Most of the 140 transcripts involved in the resistance response overlapped 
with the transcriptional response to an incompatible P. syringae infection characterized in an 
earlier experiment [49].  The susceptible response to aphids was smaller and slower than the 
resistance response and only a few genes were common to both. When the transcript profiles 
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of R plants and S plants without aphids were compared, five genes showed higher expression 
levels in R plants over all the time points, indicating a putative constitutive resistance [74]. 
This work did not result in complete characterization of the soybean plants response to aphid 
infestation; although it was a good start and it provided important clues. Soybean aphids 
often colonize the same soybean plant for weeks, so transcriptional profiling of leaf gene 
expression at later time points would provide a more complete picture of the defense 
response. Also, the differences between the susceptible and resistant lines would be better 
understood if those lines were closely related or even isogenic. 
Project Objectives 
 The long-term goal of this project was to elucidate the soybean plant’s complex 
defense response to soybean aphids and provide possible biotechnology solutions to the 
aphid problem. Specific aims were to determine the molecular basis for the defense response 
based on leaf gene expression, characterize molecular aspects of resistance to aphids, and to 
identify possible examples of metabolic hijacking by the aphid. 
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CHAPTER 2.  SHORT-TERM TRANSCRIPTIONAL RESPONSE 
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Introduction 
The soybean aphid (Aphis glycines Matsumura) is a phloem-feeding pest native to 
Asia that was first spotted in North America in 2000 [13]. It  has since spread throughout the 
Midwest, which accounts for the majority of soybean (Glycine max) acreage in the U.S. [14]. 
During the summer, aphids reproduce rapidly by parthenogenesis, living and feeding on 
soybean plants. Aphid populations can double in less than two days and a single soybean 
plant can be infested with thousands of aphids [19, 20]. These insects feed by inserting their 
stylets into the plant’s vascular tissue, specifically the sieve elements, where they obtain 
phloem sap [22]. This type of feeding causes minimal damage to the plant compared with 
chewing insects. However, the resulting diversion of photosynthates can lead to significant 
yield loss, specifically lower number of pods per plant, lower number of seeds per pod, 
smaller seeds, and lower oil content of the seed [20]. Field experiments have shown that 
yield loss can reach 42% [16]. Aphids cause further harm by spreading soybean viruses such 
as the Soybean mosaic virus [17]. There are three known soybean aphid biotypes: biotype 1 
is the Illinois isolate, biotype 2 is the Ohio isolate, and biotype 3 [24, 25]. These biotypes 
differ in their ability to colonize plants carrying the Rag1 and Rag2 soybean resistance genes 
[24, 25].  
 It has been hypothesized that plants recognize aphid attack by detecting elicitors, 
possibly aphid salivary proteins [28, 29] or the insect exoskeleton oligosaccharide chitin [30]. 
Plant responses to aphid attack involve one or more of the following hormones: salicylic acid 
(SA), jasmonic acid (JA), and ethylene (ET). SA is regarded as the most common hormonal 
response to biotrophs [40] and there are many examples of SA involvement in defense 
against aphids [55, 59, 63, 74]. JA plays a dominant role in plants’ defenses against chewing 
insects [33] but there is also evidence that it is involved in the defense against aphids in 
Arabidopsis [46, 92] and Medicago truncatula [61]. Experiments in cucumber [93], barley 
[60], and celery [53] indicate that ET is induced by aphid infestation. Abscisic acid (ABA) 
accumulates in response to aphid infestation in barley [58], eggplant, and squash [56]. ABA 
is  known to have an essential role in abiotic stress tolerance, and its role in plant-aphid 
interactions is not clear, although it has been shown to have various effects on pathogen 
resistance [41]. The production of phytohormones leads to the expression of response genes 
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and eventually a specific biochemical defense. Unfortunately, with exception of the well-
characterized role of specific glucosinolates as deterrents of Myzus persicae colonization in 
Arabidopsis [92], little is known about these specific defenses against aphids. In soybean, it 
has been proposed that the emission of methyl salicylate, a volatile derivative of SA, can 
function as an indirect defense, since this volatile can attract lady beetles (Coccinella 
septempunctata), which are major predators of soybean aphids [27]. 
 It has been proposed that aphids can counter plant defenses by suppressing the 
defense response through the activation of an antagonistic decoy response [94]. One example 
of possible suppression by a phloem-feeder is found in tomato. Potato aphids induce ET-
associated transcripts and an intact ET pathway is required for virulence, while ET does not 
appear to be necessary for aphid resistance [64]. In this case the induction of ET can be 
considered a decoy response that may antagonize the induction of a biologically effective 
defense. Silverleaf whiteflies, also phloem-feeding insects, may suppress an effective JA 
defense by inducing a SA-dependent defense response in Arabidopsis [95]. In both examples 
the phloem-feeders appear to be manipulating the crosstalk among different defense 
pathways to suppress the effective defense.  
Many plant species have aphid-resistant cultivars but the Mi-1.2 gene of tomato 
(Solanum lycopersicum) is the only cloned aphid-resistance gene that has been well-
characterized. Mi-1.2 encodes a protein with an CC-NBS-LRR motif, functions as a single 
dominant gene, and confers resistance to a biotype of the potato aphid (Macrosiphum 
euphorbiae), as well as to root-knot nematode (Meloidogyne spp.) and sweet potato whitefly 
(Bemisia tabaci) [75-78]. Mi-1.2 aphid resistance involves SA signaling, and SA-induced 
PR-1 transcript levels increase in response to aphid infestation in plants carrying this 
resistance gene [63]. Local expression of Mi-1.2 is required for aphid resistance [79], but 
increased Mi-1.2 transcript levels do not result in increased resistance [80]. 
 Several soybean cultivars are resistant to soybean aphids, including cvs. Dowling, 
Jackson, Sugao Zairai, and Cobb. There are at least three single dominant aphid-resistance 
genes have been found in soybean: Rag1, Rag2, Rag3, and an unnamed gene in cv. Jackson. 
Rag1 controls the Illinois isolate of the soybean aphid [24] and is found in cv. Dowling [81]. 
Rag1 significantly reduces aphid life expectancy, reproductive rate, and increases nymph 
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mortality [85]. Field studies with Rag1 showed it can be incorporated into the germplasm 
without affecting yield [16, 86]. Unlike tomato Mi-1.2 , Rag1 does not confer resistance to 
root-knot nematode nor does it confer resistance to soybean cyst nematode (Appendix A) 
[96]. Recently the location of Rag1 in the genome was narrowed down to a 115 kilobase pair 
range on chromosome 7 [87]. Rag2 is found in  PI243540 and is probably responsible for 
resistance in cv. Sugao Zairai [82, 88]. Rag2 confers strong antibiosis-type resistance to 
soybean aphid biotypes 1 and 2 and is located on a different linkage group than Rag1 and the 
resistance gene in cv. Jackson [82, 89]. Rag3 controls several aphid biotypes including 
biotype 2 and is thought to confer antixenotic resistance [84]. Finally, the resistance gene in 
cv. Jackson is responsible for antibiotic and possible antixenotic resistance [97, 98]. In 
addition to these single dominant genes that could fit in the category of classical R genes, 
two soybean lines (PI 567541B and PI 567598B) were reported to have strong antibiosis 
resistance due to at least two recessive genes [90, 91], possibly indicating the existence of 
important susceptibility (S) genes in soybean. 
 In the first large-scale transcriptional profiling of the soybean  response to aphids, Li 
et al. [74] used cDNA microarrays, representing over 18,000 soybean genes, to reveal 
significant responses in both aphid-susceptible (cv. Williams 82) and aphid-resistant (cv. 
Dowling) plants after 6 and 12 hours of aphid infestation. They observed a significant 
resistance response that was stronger at 6 hours post application (hpa) than at 12 hpa. This 
response induced many defense related genes including homologs of R genes, PR proteins 
(PR1a, P21, P-5), HR-associated proteins, and anti-microbial proteins. Other genes induced 
in the resistance response were transcription factors (including WRKY factors), genes 
associated with the phenylpropanoid pathway, and a JA biosynthesis gene. Most of the 140 
transcripts involved in the resistance response overlapped with the incompatible response to 
P. syringae from an earlier experiment [49].  The susceptible response to aphids was smaller  
and slower than the resistance response and only a few genes were common to both. When 
the transcript profiles of R plants and S plants without aphids were compared, five genes 
showed higher expression levels in R plants over all the time points, indicating a putative 
constitutive resistance [74]. 
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 Previous analyses of the soybean response to Asian soybean rust showed that it is 
biphasic, with a strong early response in both S and R plants, followed by a differential 
response (rapid for R, slower for S) in the late phase of infection [67]. In this work we aimed 
at complementing the analysis of the early response to the soybean aphid to investigate 
whether the response to this pest is also biphasic. Our experiment used Affymetrix 
GeneChip® Soybean oligonucleotide arrays, representing an estimated 22,763 soybean 
genes, to determine a later response (24 hpa and 168 hpa) to aphids in two closely related 
soybean lines, one aphid-susceptible and one carrying the Rag1 gene and thus aphid-
resistant. We found that during this late interaction only susceptible plants show a strong 
transcriptional response. We also found signs of constitutive resistance. The transcriptional 
response to aphid infestation was compared with microarray results from Asian soybean rust 
[67] and soybean cyst nematode [68] studies to find commonalities in the plant’s response to 
biotrophs. Finally, we used pathway analysis to determine the participation of common 
phytohormone pathways in the response to aphid colonization, and further characterized the 
role of ethylene in this interaction. 
 
Figure 1.  Experimental setup and aphid population levels. A: Experimental setup. B: Aphid population 
levels on susceptible and resistant plants for both time points. Thirty aphids were initially applied to each plant. 
The difference between resistant and susceptible levels was statistically significant (p ≤ 0.05) for both time 
points.  
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Results 
Transcriptional Response to Soybean Aphid Infestation 
To assess soybean’s transcriptional response to aphids, a no-choice growth chamber 
experiment was conducted using two related cultivars: aphid-resistant LD16060 (R plants) 
with the Rag1 gene and aphid-susceptible SD01-76R (S plants). At the V3 growth stage, half 
the plants were infested with soybean aphids and mRNA profiling of leaves was conducted 
after 1 and 7 days of infestation. Aphids were counted on the plants at the time of leaf 
sampling. The aphid population levels on R plants were significantly lower than the levels on 
S plants (Fig. 1B), even after only 24 hours, confirming R line resistance. The aphid 
populations increased on R plants, but at a much slower pace than on S plants.  
 Gene expression was determined using Affymetrix’s GeneChip® Soybean Genome 
Array, which contains >37,600 soybean probe sets that correspond to an estimated 22,763 
soybean genes (~49% of the genome) [99] according to the Soybase website 
(www.soybase.org). At each time point, we compared the susceptible response (S plants with 
vs. without aphids), the resistance response (R plants with vs. without aphids), and genetic 
differences (R vs. S plants without aphids). We use very stringent parameters to analyze our 
results. Genes were considered to be differentially-expressed (DE) if their corresponding 
probe set’s transcript levels showed a statistically significant (p ≤ 0.0001) change of at least 
two-fold, and overall there was a false discovery rate lower than 4% (q ≤ 0.04) [100]. Figure 
2 shows the number of DE genes for each comparison and time point. Overall there were 677 
unique DE genes for the three comparisons and two time points. There was a significant 
susceptible response to aphids, and it increased with infestation duration. However, the 
resistance response was limited to a unique gene encoding for a hypothetical protein after 
seven days of aphid infestation. Thus, resistant plants dramatically decelerated aphid 
population growth without a measurable transcriptional response at the times analyzed here. 
There were also significant genetic differences for plants without aphids. 
The clustering heat map (Fig. 3) illustrates different response profiles. The aphid 
effect and genetic effect components of the statistical model for both time points were used 
to group DE transcripts. The vast majority of DE genes were upregulated by aphid 
infestation, or present at higher levels in R plants, and many of the genes involved in the 
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susceptible response also appeared in the genetic differences.  When susceptible response 
genes were induced on Day 1, they were either accompanied by genetic differences and/or 
the genes remained induced on Day 7. There was no significant early (Day 1) unique 
susceptible response, and only a few genes were repressed at this stage. There were more 
genes DE on Day 7 than Day 1, indicating that the susceptible response had not peaked after 
one day of infestation. 
 
Figure 2.  Responses to aphid infestation and genetic differences. Numbers of differentially-expressed (DE) 
soybean genes for three different comparisons for both time points: one day of infestation (1 doi) and seven 
days of infestation (7 doi).  
Susceptible Response 
Susceptible plants responded to aphid infestation by inducing genes involved in many 
different biological processes including defense response, abscisic acid response, ethylene 
signaling and biosynthesis, amino acid transport, cell wall modification, and lipid 
metabolism, among others. Table 2 lists a subset of the DE transcripts involved in the 
susceptible response. After one day of infestation, 49 genes significantly changed: 46 were 
induced and 3 were suppressed. The response was greater after seven days of infestation: 280 
genes were induced and 4 were suppressed.  
 Among the DE genes are a large number of transcription factors. Some, such as 
SCOF-1, a transcription factor involved in ABA response [101], and ethylene response 
factors, are clearly involved in hormone signaling. Several others belong to families of 
transcription factors that have been implicated in plant defense, like the NAC (NAM, 
ATAF1,2, CUC2), CCR4-NOT complex and WRKY families. WRKY factors are central 
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Figure 3.  Susceptible response clusters. Heat map showing clusters of genes involved in the susceptible 
response to aphids and genetic differences between the resistant and susceptible lines. K-medoid clustering was 
used to group genes according to their aphid response and genetic difference components from the statistical 
model for each time point. Each column represents a model component and each row is a probe set. A three-
color scale illustrates the values for each probe set and component: yellow for upregulation, white for no 
change, and blue for downregulation. The genes included in these clusters are differentially-expressed for at 
least one comparison. There are a total of 944 probe sets.  
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components of many aspects of the innate immune system of the plant [102]. In particular, 
Arabidopsis WRKY22 (homologous to Glyma02g15920) is responsible for induction of the 
full response to bacterial flagella [103]. CCR4-associated factor 1 (CAF1) proteins 
(Glyma11g18460 and Glyma12g09830) belong to the CCR4-NOT complex, an evolutionary 
conserved protein complex that plays an important role in the control of transcription and 
mRNA decay [104, 105]. Overexpression of a CAF1 gene from pepper in tomato resulted in 
resistance to the oomycete pathogen Phytophthora infestans; conversely, silencing  pepper 
CAF1 produced in plants with increased susceptibility to the pathogen Xanthomonas 
axonopodis pv vesicatoria [106]. NAC transcription factors have also been implicated in 
defense responses and may be a node of crosstalk between JA and ABA signaling [107-109]. 
 A gene set analysis, using the GSA method [110] with GO biological processes [111] 
as sets and a 5% FDR, revealed additional aspects of the susceptible response (see 
supplementary data). Induced DE gene sets for Day 1 included many defense and immune 
response processes, as well as bacterium response. There was also a strong induction of JA 
signaling, biosynthesis, and metabolism processes. For Day 7, gene sets related to abiotic 
stress (response to cold, response to water deprivation) and ABA biosynthesis, metabolism, 
and signaling were induced while the JA and defense-related gene sets were no longer 
induced. The individual gene and gene set analyses indicated that the phytohormones ABA, 
ET, and JA are involved in the compatible response to aphids. SA does not appear to be 
involved based on individual genes and gene sets, but a comprehensive pathway analysis (see 
below) does implicate SA in the Day 1 susceptible response.  
 Quantitative real-time PCR (qPCR) was used to confirm the microarray results. 
Figure 4A shows that the qPCR and microarray fold changes for Day 7 for four genes 
(SCOF-1, ACC synthase, an amino acid transporter, and a gene silencing regulator) generally 
agree although the qPCR fold changes are consistently higher. For this analysis we also 
included an independent experiment different from the three replicates used in microarray 
analysis. In this experiment the aphid population increased at a slower rate than the normal 
growth observed in our microarray experiments (Fig. 4B). The changes in gene expression 
observed for the extra experiment are much lower than the changes in the original experiment 
for all four genes analyzed, although they show the same trend observed in the microarray 
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experiments. While the reason for the slower aphid population growth observed in the last 
experiment is unclear, there seems to be a correlation between aphid number and gene 
expression. 
Resistance Response 
 The only transcript that responded to aphid infestation in the resistant plants 
corresponded to a small hypothetical protein of 83 amino acids (probe Gma.4430.1.S1_at, 
corresponding to gene model Glyma06g14090) that was induced after seven days of 
infestation. However, our gene set analysis determined that there were many DE gene sets 
even though the individual genes were not differentially expressed. One advantage of using 
gene sets (as opposed to just looking at individual genes) is that the signal-to-noise ratio is 
effectively increased and modest changes become statistically significant. The following is a 
partial listing of DE gene sets at both time points. For Day 1: cell wall metabolism, cuticle 
development, response to nematode, regulation of programmed cell death, and lipid 
metabolism were induced; and response to insect, auxin metabolism, gibberellic acid 
signaling, and nucleic acid metabolism were suppressed. For Day 7: ET signaling, ET 
response, and lipid biosynthesis were induced; and JA biosynthesis, JA metabolism, and cell 
plate formation were suppressed.  
Genetic Differences and Constitutive Resistance 
 The two related soybean cultivars (LD05-16060 and SD01-76R) used in our 
experiment have transcriptional differences in the absence of aphid infestation. Table 3 lists a 
subset of the DE transcripts and their fold changes for both time points. Aphid-resistant 
plants (without aphids) showed differences in the transcript levels of 424 unique genes for 
one or both time points when compared with aphid-susceptible plants (without aphids). In 
terms of number of transcripts, the genetic differences were larger than the susceptible 
response. Reverse-transcribed PCR (RT-PCR) confirmed the changes in several individual 
transcripts (Fig. 5). Rnase H (Gma.2248.1.S1_at) transcripts showed the most dramatic 
genetic differences because their expression was very high in S plants and undetectable in R 
plants for both time points. A gene set analysis (see supplementary data) indicated that 
transcripts related to ABA signaling and response, insect response, xenobiotic  
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Figure 4.  qPCR confirmation and aphid counts. A: Confirmation of microarray results using qPCR. SCOF-1 
(Gma.235.1.S1_at), ACS (ACC Synthase, Gma.1332.1.S1_x_at), AAT (Amino Acid Transporter, 
GmaAffx.765.1.S1_at), and GSR (Gene Silencing Regulator, GmaAffx.3696.1.S1_at) were induced in the 
susceptible response after seven days of aphid infestation. Quantitative real-time reverse-transcribed PCR 
(qPCR) was used to determine the fold changes for tissue samples from the original experiment (Original) and a 
repeat experiment (Repeat). The vertical axis scale is the fold change divided by the microarray fold change for 
each sample. The actual fold change increase values are written above the bars. B: Aphid population levels on 
susceptible and resistant plants for both time points in the original and repeat experiments. Thirty aphids were 
initially applied and the difference between resistant and susceptible levels was statistically significant (p < 
0.05) for both time points in both experiments. The difference between the two experiments was also 
statistically significant for all common treatments. 
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Table 2.  Susceptible response transcripts. Subset of differentially-expressed Glycine max transcripts induced by aphid infestation on aphid-susceptible 
plants. Fold changes are shown for the two time points: one day of infestation (1 doi) and seven days of infestation (7 doi). Statistically significant ((p ≤ 
0.0001, q ≤ 0.04, |fold| ≥ 2) changes are shaded in orange. Gene Ontology biological process and annotation assignments were provided by Soybase. 
GO Biological Process 
and Probe Set Gene Annotation 
Fold Change  (q-value) 
1 doi 7 doi 
Response to abscisic acid stimulus 
   
Gma.235.1.S1_at Glyma17g35430* SCOF-1; cold-inducible zinc finger protein +5.49 (3.40E-02) +10.29 (5.85E-05) 
Gma.2044.1.S1_at Glyma09g31740 Dehydrin +1.72 (4.00E-01) +99.65 (1.90E-03) 
GmaAffx.92932.1.S1_s_at Glyma04g04760* Putative TFIIIA (Or kruppel)-like zinc finger protein +2.77 (6.32E-02) +8.71 (5.02E-05) 
GmaAffx.786.1.S1_at Glyma02g41300 Putative calmodulin-related protein +2.41 (1.26E-01) +5.04 (4.88E-03) 
GmaAffx.15983.2.S1_s_at Glyma08g03780 Protein phosphatase 2C protein (PP2C) +1.31 (3.91E-01) +7.26 (4.44E-03) 
   
    
Ethylene mediated signaling pathway 
 
    
Gma.6009.1.S1_s_at Glyma06g44430* Ethylene-responsive element-binding protein +3.30 (3.40E-02) +6.56 (9.64E-05) 
Gma.17470.1.S1_x_at Glyma12g13320* Ethylene-responsive element-binding protein +3.65 (5.75E-02) +7.37 (1.50E-03) 
Gma.5293.2.S1_at Glyma17g15460* Pathogenesis-related transcriptional factor and ERF +2.57 (1.12E-01) +4.51 (1.14E-04) 
   
    
Ethylene biosynthetic process 
 
    
GmaAffx.66301.1.S1_at Glyma07g25390 ACC Synthase +3.88 (3.71E-02) +3.90 (7.33E-03) 
Gma.1332.1.S1_at No Annotation ACC Synthase +1.32 (3.99E-01) +11.70 (7.05E-04) 
   
    
Transport 
  
    
GmaAffx.5958.1.A1_at Glyma13g10070 Amino acid permease +1.44 (2.59E-01) +2.57 (1.39E-03) 
GmaAffx.765.1.S1_at Glyma05g37000 Amino acid transporter family protein +2.12 (1.08E-01) +2.25 (3.84E-03) 
GmaAffx.69115.1.S1_at Glyma19g29440 Amino acid/polyamine transporter I +1.24 (4.41E-01) +2.11 (5.20E-03) 
Gma.3291.1.S1_at Glyma14g14220 Lipid transfer/seed storage -4.33 (3.40E-01) -8.02 (1.78E-03) 
 
*Transcription factor 
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Table 2.  (continued) 
GO Biological Process and 
Probe Set Gene Annotation 
Fold Change  (q-value) 
1 doi 7 doi 
Phenylpropanoid biosynthetic process 
 
    
Gma.5578.4.S1_a_at Glyma19g30600 Coumarate 3-hydroxylase (C3H) +3.03 (3.71E-02) -1.18 (4.34E-01) 
   
    
Cell wall modification 
  
    
Gma.8954.1.S1_at Glyma01g41330 Expansin-related -1.19 (6.01E-01) +26.16 (2.47E-03) 
Gma.3526.1.S1_at Glyma17g07270 Xyloglucan endotransglycosylase-related protein -1.71 (4.72E-01) +6.15 (2.74E-03) 
Gma.117.1.S1_at Glyma17g07260 Xyloglucan endotransglycosylase-related protein -1.40 (4.31E-01) +5.27 (4.54E-03) 
   
    
Lipid metabolic process 
  
    
Gma.17724.3.S1_at Glyma03g41330 GDSL lipase -17.76 (3.40E-02) -1.50 (1.62E-01) 
Gma.221.1.S1_at Glyma11g35310 Phosphoinositide-specific phospholipase C P25 -1.19 (4.51E-01) +13.40 (4.27E-03) 
Gma.1583.1.S1_s_at Glyma02g01720 Lipase, class 3 +1.63 (2.00E-01) +5.04 (1.11E-03) 
   
    
Jasmonic acid biosynthetic process 
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Table 2.  (continued) 
GO Biological Process 
and Probe Set Gene Annotation 
Fold Change  (q-value) 
1 doi 7 doi 
Regulation of transcription* 
  
    
Gma.17736.1.S1_at Glyma03g33070* Zinc finger, C2H2-type +9.95 (3.40E-02) +29.12 (6.47E-06) 
Gma.15724.1.S1_at Glyma11g18460 CCR4-NOT transcription complex protein, putative +3.92 (3.40E-02) +8.36 (6.93E-05) 
GmaAffx.2501.2.S1_at No Annotation* CBF-like protein +1.05 (6.43E-01) +18.97 (2.42E-03) 
Gma.13635.1.A1_at Glyma18g01720 Zinc finger, RING-type; RINGv +1.57 (2.82E-01) +15.42 (1.21E-03) 
Gma.15724.2.S1_at Glyma12g09830 CCR4-NOT transcription complex protein, putative +3.15 (4.70E-02) +5.82 (5.92E-04) 
Gma.8336.1.S1_at Glyma19g40560* WRKY86 +1.16 (4.76E-01) +3.66 (4.24E-03) 
Gma.15748.1.A1_at Glyma02g15920* WRKY22 +1.45 (2.86E-01) +2.38 (2.29E-03) 
GmaAffx.92778.1.S1_x_at Glyma01g06150 NAC domain protein NAC1 +1.97 (2.63E-01) +5.61 (2.99E-03) 
Gma.17786.1.S1_at No Annotation* No apical meristem (NAM) protein +1.51 (2.03E-01) +5.30 (1.04E-03) 
Gma.1748.1.S1_at Glyma02g12220* NAC domain protein NAC1 +2.81 (1.31E-01) +5.25 (1.72E-03) 
Gma.1748.2.S1_a_at Glyma02g12220* NAC domain protein NAC1 +2.82 (1.05E-01) +4.90 (2.36E-03) 
Gma.4774.2.S1_at No Annotation* NAC domain protein -1.12 (5.40E-01) +3.17 (2.14E-03) 
GmaAffx.5448.1.S1_at Glyma16g04720 NAC domain protein -1.09 (5.68E-01) +2.71 (4.31E-03) 
Gma.7991.1.S1_at Glyma02g38710 No apical meristem (NAM) protein +1.51 (2.55E-01) +2.49 (1.78E-03) 
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Table 2.  (continued) 
GO Biological Process 
and Probe Set Gene Annotation 
Fold Change  (q-value) 
1 doi 7 doi 
Defense response     
Gma.4536.1.A1_at No Annotation Protein kinase +3.73 (3.40E-02) +3.79 (2.10E-02) 
Gma.8448.1.S1_at Glyma18g04770 Syringolide-induced protein 13-1-1 +5.33 (3.40E-02) +13.84 (1.28E-05) 
GmaAffx.23402.1.S1_at Glyma14g39300 Syringolide-induced protein 13-1-1 +3.94 (3.40E-02) +4.59 (1.78E-03) 
GmaAffx.53152.1.S1_at Glyma09g04750 RING-H2 finger protein ATL3F +2.51 (3.71E-02) +4.20 (4.36E-03) 
Gma.120.1.S1_at Glyma03g35990 Syringolide-induced protein B13-1-9 +5.41 (5.64E-02) +35.77 (6.47E-06) 
GmaAffx.4968.1.S1_at Glyma16g08420 Avr9/Cf-9 rapidly elicited protein 146 +2.31 (1.13E-01) +7.81 (1.12E-03) 
Gma.11004.1.S1_at Glyma03g35920 Hin1-like protein +1.70 (1.75E-01) +4.65 (6.05E-05) 
GmaAffx.86638.2.S1_at No Annotation Disease resistance protein +1.08 (6.24E-01) +3.34 (1.04E-03) 
GmaAffx.42822.1.A1_at Glyma18g09140 Disease resistance protein +1.19 (4.65E-01) +2.93 (2.75E-04) 
Gma.9308.1.S1_at Glyma16g33590 Candidate disease-resistance protein SR1 +1.41 (3.24E-01) +2.90 (2.42E-03) 
GmaAffx.8309.1.A1_at Glyma03g00750 Multi antimicrobial extrusion protein MatE -1.17 (4.96E-01) +2.65 (5.20E-03) 
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Table 2.  (continued) 
GO Biological Process 
and Probe Set Gene Annotation 
Fold Change  (q-value) 
1 doi 7 doi 
Other 
  
    
Gma.8215.2.S1_at Glyma08g10950 Cytochrome p450 +3.25 (3.40E-02) +1.68 (1.00E-01) 
GmaAffx.90206.1.S1_s_at Glyma13g30770 GRX480, a member of the glutaredoxin family +3.04 (3.40E-02) +1.86 (9.44E-02) 
Gma.13150.1.A1_at Glyma07g05760 Auxin responsive SAUR protein +2.36 (3.71E-02) +1.35 (1.97E-01) 
Gma.2406.1.S1_at Glyma13g43250 Water channel, ammonium transporter -6.41 (3.71E-02) -1.15 (4.19E-01) 
Gma.11888.1.S1_at Glyma10g31240 MEE66; F-box; similar to phloem protein 2-B2 +2.67 (3.40E-02) +4.36 (5.04E-03) 
GmaAffx.80465.1.S1_at Glyma19g41550 Galactinol synthase -1.06 (5.83E-01) +34.31 (4.49E-03) 
Gma.13854.1.S1_at Glyma05g08950 Raffinose synthase (EC 2.4.1.82) -1.08 (5.95E-01) +15.33 (1.84E-03) 
Gma.17837.1.S1_at Glyma02g44200 Harpin-induced 1 +3.12 (1.02E-01) +13.37 (3.11E-05) 
GmaAffx.50381.1.S1_at Glyma05g34670 A. thaliana Nudix hydrolase homolog 17 +2.77 (4.70E-02) +12.61 (3.47E-05) 
GmaAffx.3696.1.S1_at No Annotation Regulator of gene silencing +1.49 (3.24E-01) +12.36 (2.77E-05) 
Gma.12435.1.S1_at Glyma13g35950 Calcium-binding EF-hand +2.47 (1.81E-01) +10.70 (5.19E-05) 
GmaAffx.14986.2.S1_at Glyma06g10700 Putative phi-1-like phosphate-induced protein +1.12 (6.33E-01) +11.11 (2.67E-04) 
Gma.3.1.S1_at Glyma10g35010 PGmPM3 -1.21 (4.21E-01) +8.05 (1.78E-03) 
GmaAffx.92185.1.S1_s_at Glyma15g10480 Beta-amylase (EC 3.2.1.2) +1.47 (1.95E-01) +4.10 (3.55E-03) 
Gma.6137.1.A1_at Glyma03g03700 Cytochrome P450 monooxygenase CYP83C -1.50 (3.43E-01) +3.88 (3.47E-03) 
Gma.6554.2.S1_at Glyma07g07240 Similar to BPS1 (BYPASS 1) +1.25 (3.59E-01) +2.10 (4.77E-03) 
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response, transport regulation, and viral response were among those elevated in the aphid-
resistant control plants for one or both time points. The same analysis indicated that several 
gene sets were suppressed, including nematode response, cell wall metabolism, lipid 
metabolism and transport, hormone transport, and nitric oxide metabolism. 
Since the two lines used in this study are not near-isogenic, the difference in gene 
expression between them in the absence of aphids is not surprising. However, many of the 
genes DE in R plants seem to be important for defense against aphids. The Venn diagram in 
Figure 6 illustrates that many of the genes included in the genetic differences are also 
involved in the susceptible response. For Day 1 (Fig. 6A), 35% of the genes induced in the 
susceptible response are already at higher levels in aphid-resistant plants without aphids; for 
Day 7 (Fig. 6B), this number is about 8.5%. These overlaps include genes related to ET 
biosynthesis and response, cell wall metabolism, amino acid transport, and defense-related 
genes. The fact that resistant plants show almost no statistically-significant response to 
aphids, coupled with these overlaps in the susceptible response and genetic differences, 
provides evidence of a constitutive resistance response. This type of resistance would enable 
plants to slow aphid population growth because aphid defenses are always active, even prior 
to aphid infestation. 
 The published soybean genome sequence was obtained from the Williams-82 variety 
[54] and therefore does not have the Rag1 gene. However, the soybean genome does have 
several gene models located in the same 115 kilobase pair range to which Rag1 was mapped 
[42]. Our microarray results revealed that a transcript (GmaAffx.27712.1.S1_at) that maps to 
a gene in that same range (Glyma07g06940) is consistently expressed only in the R plants. 
There is no detailed annotation for this transcript, but it might be co-expressed with Rag1. 
Comparison to cDNA Microarray Experiment 
 Li et al. (2008) used cDNA microarrays to determine the soybean’s transcriptional 
response to aphids for very early time points (after 6 and 12 hours of infestation) for aphid-
resistant (Dowling) and aphid-susceptible (Williams 82) cultivars. Their results showed a 
significant resistance response to aphids while our later time points (24 and 168 hours) 
showed almost no such response. Although we had different aphid-resistant cultivars, the 
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Table 3.  Genetic transcriptional differences. Subset of differentially-expressed Glycine max transcripts in the uninfested aphid-resistant plants compared 
to the uninfested aphid-susceptible plants. Fold changes are shown for the two time points: one day of infestation (1 doi) and seven days of infestation (7 
doi). Statistically significant ((p ≤ 0.0001, q ≤ 0.04, |fold| ≥ 2) changes are highlighted in orange. Gene Ontology biological process and annotation 
assignments were provided by Soybase. 
 
GO Biological Process 
and Probe Set Gene Annotation 
Fold Change  (q-value) 
1 doi 7 doi 
Response to abscisic acid stimulus 
   
GmaAffx.15227.1.S1_at Glyma12g29190 Potassium channel (Fragment) +2.85 (4.66E-03) -1.24 (6.58E-01) 
Gma.4873.1.S1_at Glyma17g15860 Protein kinase 2 +4.52 (4.01E-03) +2.50 (7.24E-02) 
GmaAffx.72354.1.S1_at No Annotation* BZIP transcription factor 6 +1.81 (2.27E-02) +3.50 (1.17E-02) 
   
    
Ethylene mediated signaling pathway 
 
    
GmaAffx.93256.1.S1_at Glyma10g01150 Ethylene receptor (ETR2) +3.92 (4.01E-03) -1.24 (5.82E-01) 
Gma.10608.1.S1_at No Annotation* Ethylene Insensitive 3-Like 1 (EIL1) +2.54 (3.51E-03) +1.32 (3.55E-01) 
   
    
Ethylene biosynthetic process 
 
    
GmaAffx.66301.1.S1_at Glyma07g25390 ACC Synthase +6.83 (1.42E-03) +3.33 (3.94E-02) 
   
    
Phenylpropanoid biosynthetic process 
 
    
Gma.10216.1.S1_a_at Glyma07g34870 O-methyltransferase, family 2 +4.79 (1.71E-03) +2.10 (5.49E-02) 
GmaAffx.91504.1.A1_s_at Glyma10g33030 O-methyltransferase +3.76 (1.42E-03) +1.58 (2.19E-01) 
Gma.7406.1.S1_at Glyma04g09310 Cinnamoyl-CoA reductase-related +3.27 (1.42E-03) +1.47 (2.55E-01) 
Gma.1445.2.S1_at Glyma18g41320 Cinnamoyl-CoA reductase (EC 1.2.1.44) +3.38 (3.44E-03) +1.70 (3.94E-01) 
Gma.5992.1.S1_at No Annotation Cytosolic aldehyde dehydrogenase RF2C +2.32 (3.73E-03) +1.29 (5.46E-01) 
Gma.8251.1.S1_a_at Glyma10g42340 Cinnamyl alcohol dehydrogenase +12.37 (3.49E-03) +2.26 (1.59E-02) 
GmaAffx.32612.1.S1_at Glyma05g37000 4'-IOMT +3.79 (2.16E-03) +2.90 (2.70E-03) 
 
*Transcription factor 
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Table 3.  (continued) 
GO Biological Process 
and Probe Set Gene Annotation 
Fold Change  (q-value) 
1 doi 7 doi 
Transport 
 
      
Gma.5963.1.S1_at Glyma07g34870 Inorganic phosphate transporter 1-9  (PHT1-9) +4.79 (1.71E-03) +2.10 (5.49E-02) 
Gma.3262.1.S1_at Glyma10g33030 Phosphate transporter +3.76 (1.42E-03) +1.58 (2.19E-01) 
Gma.7487.1.S1_at Glyma04g09310 High affinity amino acid transporter +3.27 (1.42E-03) +1.47 (2.55E-01) 
Gma.1243.1.S1_at Glyma18g41320 protease inhibitor/seed storage/lipid transfer protein +3.38 (3.44E-03) +1.70 (3.94E-01) 
GmaAffx.24431.1.S1_at No Annotation Sulfate transporter Sultr1;3 +2.32 (3.73E-03) +1.29 (5.46E-01) 
GmaAffx.30420.1.S1_at Glyma10g42340 Nitrate and chloride transporter +12.37 (3.49E-03) +2.26 (1.59E-02) 
GmaAffx.765.1.S1_at Glyma05g37000 Amino acid transporter family protein +3.79 (2.16E-03) +2.90 (2.70E-03) 
Gma.15388.1.S1_at Glyma07g08030 Member of putative potassium transporter family +3.19 (3.49E-03) +2.60 (1.15E-02) 
Gma.3409.1.S1_at Glyma18g05890 Lipid transfer protein +27.16 (6.38E-03) +2.48 (1.27E-02) 
Gma.6278.1.S1_at Glyma03g16620 protease inhibitor/seed storage/lipid transfer protein +1.05 (5.60E-01) -2.10 (1.59E-02) 
Gma.3291.1.S1_at Glyma14g14220 Lipid transfer/seed storage -27.68 (2.43E-02) -11.64 (2.32E-03) 
   
    
Cell wall modification 
  
    
GmaAffx.93176.1.S1_s_at Glyma18g39850 Member of Alpha-Expansin gene family -1.88 (7.61E-02) -3.88 (6.63E-03) 
Gma.7006.1.S1_at Glyma07g15910 Putative Expansin -2.06 (6.32E-02) -4.41 (1.12E-02) 
Gma.3950.2.S1_at Glyma05g05880 Expansin-like protein B +1.14 (4.81E-01) -3.11 (1.89E-02) 
   
    
Jasmonic acid biosynthetic process 
 
    
Gma.7625.1.S1_s_at Glyma07g00900 Lipoxygenase (EC 1.13.11.12) +6.62 (1.71E-03) +3.36 (2.90E-02) 
GmaAffx.70690.1.S1_at Glyma11g13880 Chloroplast lipoxygenase +5.28 (4.57E-03) +2.98 (3.52E-02) 
Gma.17493.1.S1_s_at Glyma11g20020 4-coumarate-CoA ligase-like protein +4.90 (1.71E-03) +1.54 (2.40E-01) 
GmaAffx.86334.2.S1_at Glyma17g36530 Allene oxide synthase precursor (EC 4.2.1.92) +2.75 (4.78E-03) -1.71 (4.35E-01) 
 
*Transcription factor 
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Table 3.  (continued) 
GO Biological Process 
and Probe Set Gene Annotation 
Fold Change  (q-value) 
1 doi 7 doi 
Lipid metabolic process 
  
    
Gma.17724.2.S1_at Glyma03g41330 GDSL lipase, similar to ATLTL1/LTL1 -23.16 (3.07E-03) -1.54 (4.35E-01) 
Gma.17724.1.A1_at Glyma19g43940 GDSL lipase, similar to ATLTL1/LTL1 -32.28 (3.49E-03) -1.68 (4.09E-01) 
GmaAffx.61521.1.A1_s_at Glyma17g37900 GDSL lipase   -45.06 (4.99E-03) -1.64 (3.69E-01) 
Gma.4537.1.S1_at Glyma01g41450 Lipase class 3 family protein; similar to DAD1 +2.57 (4.99E-03) -1.13 (7.43E-01) 
Gma.1061.2.S1_at Glyma13g30450 GDSL lipase   -6.75 (1.04E-02) -2.77 (1.18E-02) 
Gma.1061.1.A1_at Glyma15g08770 GDSL lipase, similar to ARAB-1 -5.30 (2.09E-02) -2.89 (1.03E-02) 
Gma.5786.2.S1_at Glyma07g01680 GDSL lipase   -4.47 (1.25E-02) -3.76 (8.84E-03) 
Gma.10574.1.S1_at Glyma14g05550 GDSL lipase   -6.15 (1.78E-02) -4.95 (3.06E-03) 
   
    
Regulation of transcription* 
 
    
GmaAffx.91768.1.S1_s_at Glyma08g23380* WRKY56 +4.30 (4.99E-03) -1.84 (4.11E-01) 
GmaAffx.73009.1.S1_s_at Glyma06g15220* WRKY61 +4.97 (3.49E-03) -1.44 (5.14E-01) 
GmaAffx.6438.1.S1_at Glyma11g29720* WRKY19 +4.10 (2.71E-03) +1.37 (5.49E-01) 
GmaAffx.91389.1.S1_x_at Glyma02g39870* WRKY39 +3.51 (4.01E-03) +1.01 (8.18E-01) 
Gma.4281.1.S1_at Glyma18g44560* WRKY57 +2.98 (4.81E-03) -1.93 (3.45E-01) 
GmaAffx.86377.1.S1_at Glyma07g06320* WRKY55 +2.80 (3.87E-03) -1.45 (4.70E-01) 
GmaAffx.50226.1.S1_at Glyma13g41260* Similar to scarecrow-like transcription factor 14 +3.64 (2.16E-03) -1.07 (7.70E-01) 
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Table 3.  (continued) 
GO Biological Process 
and Probe Set Gene Annotation 
Fold Change  (q-value) 
1 doi 7 doi 
Defense response 
  
    
GmaAffx.89999.1.S1_x_at Glyma07g37280 Pathogenesis-related protein 10 (PR10) +7.84 (3.69E-03) -1.25 (7.12E-01) 
Gma.16434.1.S1_at Glyma17g36400 Disease resistance protein; AAA ATPase +4.79 (1.71E-03) -1.08 (7.67E-01) 
Gma.15155.1.S1_at Glyma07g04630 Jasmonate ZIM domain protein 6 (JAZ6) +4.03 (2.89E-03) -1.40 (6.28E-01) 
Gma.8514.1.S1_at Glyma20g23420 Glutathione S-transferase GST 18 (EC 2.5.1.18) +3.91 (4.83E-03) +2.69 (9.03E-02) 
Gma.8889.1.S1_at Glyma13g26460 Putative resistance protein +3.84 (1.35E-03) +1.91 (3.11E-02) 
GmaAffx.86745.1.S1_s_at Glyma15g15680 Pathogenesis-related protein 10 (PR10) +3.60 (2.16E-03) -2.00 (7.25E-02) 
Gma.8478.1.S1_at Glyma16g34100 Resistance protein MG13 (Fragment) +3.58 (3.49E-03) +1.01 (8.13E-01) 
GmaAffx.84367.1.S1_at Glyma12g08740 Lethal leaf spot 1-like protein +3.30 (4.22E-03) +1.73 (1.41E-01) 
Gma.8480.1.S1_at Glyma16g25120 Resistance protein LM12 (Fragment) +2.84 (3.26E-03) +1.13 (7.69E-01) 
Gma.399.1.A1_at Glyma13g25780 Disease resistance protein +2.78 (1.74E-03) +1.45 (2.47E-01) 
Gma.12018.1.S1_at No Annotation Phytoalexin-deficient 4-2 protein +2.77 (2.12E-03) -1.05 (7.88E-01) 
Gma.6883.3.S1_x_at Glyma06g40710 TIR; Disease resistance protein; AAA ATPase +2.59 (4.99E-03) +1.38 (6.37E-01) 
GmaAffx.8309.1.A1_at Glyma03g00750 Multi antimicrobial extrusion protein MatE +1.47 (1.70E-01) +3.36 (6.20E-03) 
GmaAffx.85636.1.S1_at No Annotation HcrVf1 protein +2.59 (1.11E-02) +2.69 (8.75E-03) 
Gma.12384.1.S1_at Glyma18g43830 macrophage migration inhibitory factor family -1.40 (3.62E-01) -3.08 (1.30E-02) 
GmaAffx.79908.1.S1_at Glyma13g26650 Candidate resistance protein KR1 -2.20 (7.38E-03) -3.52 (1.06E-03) 
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Table 3.  (continued) 
GO Biological Process 
and Probe Set Gene Annotation 
Fold Change  (q-value) 
1 doi 7 doi 
Other 
  
    
Gma.398.2.S1_at Glyma20g28720 homocysteine S-methyltransferase (HMT3) +8.81 (3.49E-03) +3.35 (5.67E-02) 
Gma.12259.1.S1_at Glyma15g16790 SCPL47 (serine carboxypeptidase-like 47) +8.46 (1.94E-03) +1.61 (1.62E-01) 
Gma.3172.1.S1_s_at Glyma08g19170 Cationic peroxidase 2 precursor (EC 1.11.1.7) +7.89 (2.16E-03) +1.07 (7.63E-01) 
Gma.8704.1.S1_at Glyma06g10970 TTL1 (Tetratricopetide-repeat thioredoxin-like 1)  +5.19 (1.42E-03) +1.50 (4.32E-01) 
GmaAffx.83144.1.S1_at Glyma19g24160 S2 self-incompatibility locus-linked putative F-box +4.45 (4.01E-03) +1.69 (2.19E-01) 
Gma.8215.2.S1_at Glyma08g10950 Cytochrome p450 +4.40 (1.71E-03) +1.50 (4.63E-01) 
GmaAffx.18924.1.S1_at Glyma01g33070 Homogentisate phytylprenyltransferase +4.23 (4.83E-03) +1.35 (6.23E-01) 
GmaAffx.78313.1.S1_at Glyma03g38570 Cytochrome P450 monooxygenase CYP72A59 +4.21 (3.94E-03) +3.39 (8.82E-02) 
GmaAffx.60240.1.S1_at Glyma14g00750 ABC1 family protein; similar to ATATH13 +4.21 (3.94E-03) +2.55 (1.09E-01) 
Gma.3758.2.S1_x_at Glyma01g11390 Zinc finger, B-box +4.13 (1.71E-03) +1.47 (1.46E-01) 
Gma.4093.2.S1_at Glyma09g05490 Vacuolar-sorting receptor 6 precursor  (VSR6)  +4.04 (2.16E-03) +1.69 (1.30E-01) 
Gma.7535.1.S1_a_at No Annotation Quercetin 3-O-glucoside-6''-O-malonyltransferase +4.02 (4.07E-03) +1.31 (6.70E-01) 
GmaAffx.92672.1.S1_x_at Glyma19g41660 Universal stress protein (Usp) +3.96 (1.71E-03) +1.47 (2.41E-01) 
GmaAffx.27712.1.S1_at Glyma07g06940 Unknown; near Rag1 +3.70 (1.28E-03) +2.40 (2.40E-02) 
Gma.157.1.S1_at Glyma19g32650 Cytochrome P450 93A2 +3.68 (3.49E-03) +1.01 (8.13E-01) 
Gma.138.1.S1_at Glyma19g44790 Cytochrome P450 78A3 +3.37 (2.16E-03) -1.19 (7.11E-01) 
Gma.2439.1.S1_at Glyma02g16740 Phenazine biosynthesis PhzC/PhzF protein +3.35 (4.22E-03) +1.59 (1.94E-01) 
Gma.13150.1.A1_at Glyma07g05760 Auxin responsive SAUR protein +3.19 (1.71E-03) +1.24 (6.34E-01) 
GmaAffx.3282.1.S1_at Glyma12g09240 Cytochrome P450 monooxygenase CYP94B +2.90 (4.38E-03) -1.05 (8.08E-01) 
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Table 3.  (continued) 
GO Biological Process 
and Probe Set Gene Annotation 
Fold Change  (q-value) 
1 doi 7 doi 
Other (continued) 
  
    
GmaAffx.64243.1.A1_at Glyma07g31080 Putative PAP-specific phosphatase +2.67 (2.16E-03) +1.13 (6.83E-01) 
Gma.1840.2.S1_at Glyma13g27090 DNAJ heat shock N-terminal domain-containing -6.90 (1.28E-03) -2.64 (4.78E-02) 
GmaAffx.90343.1.S1_at Glyma18g49400 Gibberellin regulated protein -9.40 (4.93E-03) -2.38 (2.86E-01) 
GmaAffx.50000.1.S1_at Glyma11g09880 Member of CYP81D +10.75 (1.96E-03) +5.87 (2.51E-03) 
Gma.1748.1.S1_at Glyma02g12220* NAC domain protein NAC1 +5.96 (4.01E-03) +3.86 (1.90E-02) 
Gma.3589.1.S1_a_at Glyma05g04960 Oxidoreductase, 2OG-Fe(II) oxygenase family +4.17 (3.02E-03) +3.82 (6.89E-03) 
Gma.2249.1.S1_at No Annotation Ribonuclease H -91.53 (1.39E-10) -165.74 (2.80E-12) 
Gma.15651.1.S1_at Glyma05g37300 BTI2 (VIRB2-interacting protein 2) +2.26 (2.18E-01) +19.02 (5.63E-05) 
Gma.13854.1.S1_at Glyma05g08950 Raffinose synthase (EC 2.4.1.82) -1.25 (3.39E-01) +11.65 (1.30E-02) 
GmaAffx.69219.1.S1_at Glyma15g37520 ATUGT85A4 (UDP-glucosyl transferase 85A4) +1.80 (1.60E-01) +8.05 (1.58E-02) 
Gma.5789.1.S1_at Glyma06g42110 Plastocyanin-like domain, putative -3.11 (7.94E-02) -2.39 (1.56E-02) 
Gma.10210.1.A1_at Glyma06g01710 Xylem cysteine peptidase 2 (XCP2) -3.31 (6.20E-02) -2.42 (1.59E-02) 
GmaAffx.85334.1.S1_s_at Glyma13g28860 Cytochrome P450 monooxygenase CYP710A -2.95 (3.21E-02) -2.93 (1.68E-02) 
GmaAffx.16018.1.S1_at Glyma19g36470 Beta-Ig-H3/fasciclin -3.35 (1.09E-01) -3.25 (2.05E-02) 
Gma.16191.1.S1_at Glyma05g03580 Mandelonitrile lyase, putative -6.57 (2.27E-02) -3.42 (2.00E-02) 
Gma.2086.1.S1_at Glyma03g03270 Arginase (EC 3.5.3.1) -2.50 (4.41E-02) -3.72 (1.30E-02) 
GmaAffx.941.2.S1_s_at Glyma11g10440 Proline-rich protein -24.67 (1.33E-02) -7.40 (1.27E-02) 
Gma.13420.1.S1_at Glyma18g42580 Glycerol-3-phosphate acyltransferase 6 -13.03 (1.98E-02) -8.38 (2.70E-03) 
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Figure 5.  RT-PCR confirmation of microarray results. The samples were taken after one and seven days of 
infestation (doi) from aphid-resistant (R) and aphid-susceptible (S) plants, with (A) and without (C) aphids. 
Rnase H: Ribonuclease H (Gma.2249.1.S1_at), LPT: lipid transporter (Gma.3291.1.S1_at), LOX: lipoxygenase 
(Gma.7625.1.S1_s_at), AAT: amino acid transporter (GmaAffx.765.1.S1_at), CYP81D: cytochrome p450 
family protein (GmaAffx.50000.1.S1_at), EXP: expansin-like protein (Gma.8954.1.S1_at), and LRR: leucine-
rich repeat protein (Gma.10706.2.S1_s_at) are shown with a ubiquitin control (UBQ).  
 
 
Figure 6.  Overlap of the susceptible response and genetic differences. Each circle represents one 
comparison (S = susceptible response, G = genetic differences) and time point (1 doi and 7 doi) and direction 
(up ↑ or down ↓). Inside each circle is the number of differentially-expressed genes. A: Overlap of susceptible 
response and genetic differences after 1 day of infestation. B: Overlap of susceptible response and genetic 
differences after 7 days of infestation. C: Overlap of susceptible response after 7 days of infestation and genetic 
differences after 1 day of infestation. The susceptible response after 1 day and the genetic differences after 7 
days only had one common gene (not shown).   
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Rag1 gene conferred resistance in both, so the differing resistance response is probably not 
due to genetic differences. It is more likely that the transcriptional response in the resistant 
plant is complete 24 hours after the beginning of aphid infestation. The cDNA microarray 
showed that the response to aphids overlapped with the response to P. syringae [74], as 
determined by another cDNA microarray experiment [49]. Similarly, our results identified 
six transcripts involved in the susceptible response (Gma.8448.1.S1_at, 
GmaAffx.23402.1.S1_at, Gma.120.1.S1_at, Gma.8448.1.S1_at, Gma.117.1.S1_at, and 
Gma.8447.1.S1_at) whose annotations indicate that they are induced by syringolides, which 
are low molecular weight glycolipid elicitors produced by the protein encoded by the P. 
syringae avirulence gene D (avrD) [112]. However, no overlap was observed between DE 
genes in the early and late responses. Individual transcripts from the cDNA experiment and 
our Affymetrix array experiment were matched up based on the probe target sequence. Most 
(70%) of the cDNA probes matched with one or more Affymetrix probes, but none of the DE 
transcripts from Li et al. [74] were differentially-expressed in our experiment based on our 
stringent criteria. 
 To better characterize the response to soybean aphids, we compared our results with 
the transcriptional response of soybean to two other soybean pests, Asian soybean rust (ASR) 
and soybean cyst nematode (SCN) [67, 68]. These two experiments used the GeneChip® 
Soybean Genome Array (Affymetrix) to determine transcriptional responses. We analyzed 
these datasets using the same methods as the analysis of our soybean aphid microarrays. The 
ASR experiment [67] compared an ASR-resistant cultivar (PI230970) carrying the Rpp2 
gene and an ASR-susceptible cultivar (Embrapa-48), to determine the transcriptional 
response of soybean leaves to ASR infection over a time course that included the 24 hours 
and 168 hours periods used in our analysis. There was no overlap of DE transcripts in the 
susceptible responses and resistance responses between our experiment and the ASR 
experiment for both time points. There were ten overlapping transcripts that were 
differentially-expressed in the resistant plants in the absence of pests in both experiments, 
including Rnase H (Gma.2249.1.S1_at), glutamate dehydrogenase (Gma.1419.1.S1_at), and 
arginase (Gma.2086.1.S1_at). The SCN microarrays determine the transcriptional response 
of soybean roots to SCN infection over a time course that included 2, 5, and 7 days of 
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infection using the susceptible cultivar Williams 82 [68]. None of the Day 1 aphid-regulated 
genes identified in the susceptible response overlapped with the SCN Day 2 response, but 
two of the Day 7 aphid-responsive transcripts overlapped with the SCN Day 5 and Day 10 
responses: an extracellular dermal glycoprotein (GmaAffx.90785.1.S1_s_at) and an unknown 
protein (Gma.772.1.S1_at). It is important to note that our experiment analyzed the 
transcriptional response of leaves, while the SCN experiment was performed using roots; 
thus it is possible that some overlap between the response to SCN and aphids could be 
missed. Overall, our comparison with these two experiments indicated that the transcriptional 
response of soybean to aphids is different than the transcriptional response to ASR and SCN. 
Effect on Hormone Pathways 
 We used a pathway analysis to study changes in the transcript levels of genes 
associated with the hormones ABA, ET, JA, and SA, and compared the involvement of these 
hormones in the response to aphids. To evaluate the participation of each hormone pathway, 
a score was calculated based on the fold changes and significance of the changes in the 
transcripts corresponding to each pathway, for every comparison and experiment. This 
analysis included a larger dataset than the set of DE genes described previously; we defined a 
relaxed cutoff that incorporated all transcripts with absolute fold changes ≥ 1.2 and q-values 
≤ 0.20, and this dataset was used to calculate the score. A total score, and scores for only 
biosynthesis genes or individual marker genes were obtained. The individual marker genes 
were ATAF1 [113] for ABA, ACC oxidase [114] for ET, JAR1 [115] for JA, and EDS1 [116] 
for SA. Figure 7 shows the results of the pathway analysis, with yellow indicating induction 
and blue indicating suppression. The Day 1 susceptible response is relatively weak overall, 
but SA is clearly favored over other hormones. Day 7 results reveal a dramatic change: SA 
biosynthesis is downregulated while ABA production is strongly induced, along with JA and 
ET to a lesser extent. The resistance response shows no significant changes.  
 An interesting observation resulting for this pathway analysis of the susceptible 
response to aphids is that on Day 1 individual markers follow the production of each 
hormone as determined by the regulation of the biosynthetic genes. However, on Day 7 
biosynthetic genes for ET and JA are induced while the individual ET- or JA-responsive 
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genes are not induced. This could indicate a block in the signaling pathway leading to the 
induction of the response to these hormones.  
 The genetic differences in these pathways were significant on Day 1, and biosynthesis 
transcripts were at higher levels in the resistant plant for all four hormones. On Day 1, SA 
was the most upregulated, followed by ET- and JA-related transcripts, and ABA transcripts 
were the least upregulated.  However, on Day 7, ABA is the only hormone with consistently 
higher levels in the resistant plant. Overall, this analysis shows the hormonal response of 
soybean plants to aphids is quite different to the response to ASR and SCN (Ch. 4) except for 
the involvement of SA in certain responses. 
 
Figure 7.  Phytohormone pathway analysis. Analysis of changes in plant defense-related and stress-related 
genes in response to aphids. The values are scores which reflect changes in transcript levels of soybean genes 
associated with the hormones abscisic acid (ABA), ethylene (ET), jasmonic acid (JA), and salicylic acid (SA). 
The fold changes and statistical significance (q-value) for the relevant genes are used to determine a score for 
each comparison. Positive scores indicate induction and negative scores indicate suppression. The three 
comparisons are susceptible response (Susc), resistance response (Res), and genetic differences (Gen) and the 
two time points are Day 1 and Day 7. Initially all genes associated with the hormones were included. In the 
center only biosynthesis genes are considered and in the right section only popular marker genes are considered. 
In all scoring, only genes with absolute fold change above 1.20 and q-values less than 0.20 had an effect.  A 
three-color scale was used to highlight the scores: blue for negative (suppression), white for no change, and 
yellow for positive (induction). Marker gene transcripts are either induced by the hormone or are essential to the 
hormone's response pathway. These genes were chosen according to Lu et al. 2007 (ATAF1), Staswick and 
Tiryaki 2004 (JAR1), Kim et al. 1997 (ACCO), and Falk et al. 1999 (EDS1).   
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Effect of Ethylene Pre-Treatment on Aphid Performance 
  Ethylene biosynthesis and response transcripts are differentially-expressed in the 
susceptible response to aphids (Fig. 8), and ethylene signaling and response gene sets are 
induced in the resistance response. These results suggest that ET could have a significant role 
in the response to aphid infestation in soybean. To test this putative role, we performed an 
experiment to determine whether pre-infestation induction of the ethylene defense pathway 
would increase aphid resistance in soybean plants. Both S and R plants were sprayed with 1-
aminocyclopropane-1-carboxylic acid solution (ACC, precursor to ethylene) or water as a 
control prior to aphid infestation and one day after infestation. Aphids were counted after 
seven days of infestation to determine if the ethylene induction affected the population 
growth (Figure 8). Because ET is a gas, the experiment was carried out in two different 
settings, one in which control and ACC-treated plants were in the same chamber, and one in 
which control and ACC-treated plants were kept in separated chambers. The results showed 
that the plants sprayed with ACC had statistically the same number of aphids as the plants 
sprayed with water, consequently ethylene induction did not affect aphid population growth 
in the susceptible or resistant cultivars (Fig. 8A). Similar results were obtained with either 
experimental set up. To determine the effectiveness of the ACC treatment, leaves were 
sampled immediately prior to spraying and one day after spraying, before aphid infestation. 
Induction of the ethylene defense pathway was confirmed using qPCR to test PR2 transcript 
levels in the leaves (Fig. 8B). PR2 (Glyma03g28850 gene) is known to be induced by ACC 
in soybean roots and shoots [117, 118]. These experiments indicate that ethylene induction 
prior to aphid infestation does not affect aphid performance on aphid-susceptible or aphid-
resistant plants. 
Gene Silencing Regulators 
 It has been recently shown that small RNAs have an important role in controlling 
signaling pathways in plant-insect interactions, and altering the small RNA biosynthetic 
machinery results in changes in hormone signaling and plants with increased susceptibility to 
insect attacks [119, 120]  Thus, we were particularly interested in a gene (Glyma04g17650) 
annotated as “gene silencing regulator” that was induced in susceptible plants to high levels 
in response to aphid colonization (Table 2 and Figure 9).  This transcript is a homolog to the  
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Figure 8.  Ethylene induction results. Ethylene induction does not affect susceptibility or resistance of 
soybean plants to soybean aphids. Two experiments tested the effect of ethylene induction on aphid-resistant 
(R) and aphid-susceptible (S) lines after seven days of aphid infestation. Plants were sprayed with a 1mM 1-
aminocyclopropane-1-carboxylic acid solution (ACC) or water (Mock) the day before and the day after aphid 
infestation. In the first experiment all the plants were in the same growth chamber, while in the second 
experiment the ACC and Mock plants were separated into different growth chambers. A: Final aphid counts per 
plant after seven days of infestation. Each plant was initially infested with five aphids. B: Ethylene induction is 
confirmed by qPCR results showing that the leaves of ACC plants have higher PR2 
(GmaAffx.93073.1.S1_s_at) levels than Mock plants 24 hours after the first spraying, prior to aphid infestation. 
 
tomato rgs-CaM gene, whose over-expression suppresses posttranscriptional gene silencing 
in tobacco [121]. Further analysis of the soybean genome resulted in the identification of 
seven highly similar genes belonging to the same family (not shown). Among those, a second 
homolog (Glyma04g17710) was represented in the Soybean GeneChip®, and was also 
significantly induced by aphids on Day 7. An additional soybean aphid response experiment 
was done in which plants were sampled after 21 days of aphid colonization. Quantitative 
real-time PCR (qPCR) was used to confirm the microarray results for these two soybean 
genes and to also analyze transcript levels after 21 days of aphid infestation. The results for 
the susceptible response confirmed the induction of the gene silencing regulators at Day 7 
and an even greater induction at Day 21 (Fig. 9). The small increases observed during the 
resistance response were not statistically significant. 
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Figure 9.  Gene silencing regulators’ transcripts induced by aphids. Rgs-CaM (GmaAffx.3696.1.S1_at) and 
a homolog of Rgs-CaM (Gma.15972.1.A1_at) both show significant positive fold changes in the susceptible 
response after seven and twenty-one days of aphid infestation (Rgs-CaM - S, Homolog - S). The resistance 
responses are positive but statistically insignificant (Rgs-CaM - R, Homolog - R). 
Discussion 
 Our microarray experiment is the second large-scale transcript profiling study of 
soybean responses to the soybean aphid. In the first study [74], researchers from the 
University of Illinois at Urbana-Champaign used cDNA microarrays to determine the 
transcriptional response in aphid-resistant and aphid-susceptible soybean plants 6 and 12 
hours post application. Our study looks at longer time points (24 and 168 hours), with 
different soybean cultivars, and Affymetrix GeneChip® Soybean Genome Arrays are used to 
do the transcript profiling. Throughout this discussion we will include results from the 
Illinois study to create a more complete picture of the transcriptional response to aphids. 
Figure 10 illustrates the susceptible and resistance response profiles over four time points 
using both of these experiments. 
Resistant plants respond quickly to aphids and after 24 hours we found that this 
response is largely finished (Fig. 10). However, the Illinois study indicated that three genes 
(PR1a, P21, and MMP2) were induced at 24 hours and beyond. These differing results could 
be explained by the use of different resistant cultivars (although both had Rag1 resistance) 
and different sampling techniques. We sampled the entire leaf (third trifoliate) while they 
sampled small unifoliate leaf circles; they might have found a localized response that we did 
not see because our samples were diluted. Although we found only one DE transcript, our  
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Figure 10.  Aphid response profiles over four time points. Results from the cDNA microarrays (Li et al. 
2008) and Affymetrix microarrays are plotted to show the aphid-resistant (R Response) and aphid-susceptible 
(S Response) soybean plants’ responses to aphids over four time points. The 6 and 12 hour data is from the 
cDNA microarrays and the 24 hour and 168 hour (7 days) data is from our Affymetrix microarrays. In order to 
compare the two experiments, the number of differentially-expressed (DE) genes is shown as a percent of the 
total number of soybean genes in the array. Also note that the two experiments used different criteria to 
determine differential expression.  
gene set analysis revealed many DE gene sets, including cell wall, JA, and ET-related 
transcripts, some of which are also identified in the Illinois analysis. In addition,  part of the 
resistance response is clearly not over by the 24 hour time point because we did find DE gene 
sets. Moreover, it is likely the Affymetrix GeneChip® Soybean Genome Array does not 
cover some induced genes, and our statistical cutoffs for individual transcripts are set to 
prevent false discovery, not false negatives. That having been said, our results along with the 
Illinois study indicate that this response happens quickly, mostly around 6 and 12 hours after 
the beginning of the aphid infestation. The Illinois cDNA microarray study also found that 
this early resistance response overlaps with the incompatible response to P. syringae. 
The genetic differences between our related resistant and susceptible cultivars provide 
evidence of partial constitutive resistance in addition to the fast resistance response. Resistant 
plants have defense-related transcripts induced prior to aphid infestation while susceptible 
plants do not activate these same genes until after aphids attack. This type of resistance to 
aphids was observed also in an enzyme activity study in wheat [122], transcript profiling in 
barley [123], and amino acid profiling in soybean [124]. The Illinois study found a few 
constitutive defense-related genes, including the disease resistance gene Rpg1-b, which is 
also marginally upregulated (+1.42 fold, q=0.166) in our resistant plants without aphids. 
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Rpg1-b confers resistance to some strains of P. syringae [125, 126]. Overall we found 
hundreds of transcriptional differences between the resistant and susceptible plants without 
aphids, and many of these genes also appeared in the susceptible response (Fig. 6). Many of 
the overlapping genes were defense-related, leading us to propose the partial constitutive 
resistance hypothesis. However, we also have unexpected results regarding genetic 
differences. Out of 424 genes involved in the genetic differences, only 25 are significantly 
different at both time points, thus the differences are not consistent throughout the whole 
experiment. Furthermore, most DE genes are upregulated on Day 1, but downregulated on 
Day 7. The cause of these inconsistencies might be priming, “a physiological process by 
which a plant prepares to more quickly or aggressively respond to future biotic or abiotic 
stress” [127]. In plant-insect interactions, priming is triggered by volatile organic compounds 
[127, 128] In our analysis, aphid-infested and uninfested plants were kept in the same growth 
chamber during the experiment, thus it is possible that volatile organic compounds emitted 
by aphid-infested plants induced defense-related transcriptional changes in nearby “control” 
plants without aphids. This hypothesis implies that R and S plants have differential response 
to priming, without direct contact with aphids. 
 Susceptible plants respond much slower to aphids (Fig. 10) and this response involves 
hundreds of genes, several of which are also induced by P. syringae. It is difficult to 
elucidate the real aphid defense from decoy responses and damage repair responses. 
However, if the aphid defense is similar to P. syringae defense as proposed by Li et al. [17], 
then the induction of ET production may be part of a decoy response favoring aphid 
performance. ET is not only produced by plants, several bacteria, including P. syringae, can 
produce this gas. Strains of P. syringae that produce ET are much more virulent than non-ET 
producing mutants, and this virulence difference disappears on ET-insensitive soybean plants 
[52], indicating that ET is produced by the bacteria to suppress effective plant defenses. 
Furthermore, our ET induction experiments indicate that inducing ET production prior to and 
during aphid infestation does not affect aphid population sizes after seven days of infestation. 
Therefore, the ET response alone is not an effective aphid defense.  
 Another possible decoy response would be the massive induction of ABA-related 
genes in the susceptible response, especially at Day 7. In Arabidopsis, there is evidence that 
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P. syringae induces ABA in order to suppress the effective defense response controlled by 
SA [129]. Our pathway analysis (Fig. 7) indicated that after one day of infestation SA 
signaling was highly induced, but after seven days ABA had surpassed SA as the dominant 
phytohormone. Therefore it is possible that the rise of the ABA response suppressed the SA 
response in plants under sustained aphid colonization. Our pathway analysis included 179 
SA-related transcripts and these were analyzed based on relaxed statistical criteria (fold ≥ 
1.2, q ≤ 0.20). However, if we look at those 179 individual SA transcripts with our stricter 
criteria (fold ≥ 2, p ≤ 0.0001, q ≤ 0.04), only one of them was DE, making SA signaling the 
least induced phytohormone pathway in the susceptible response. Therefore, although we 
aren’t confident in any single SA gene, when we look at groups of genes in pathways we are 
confident in the involvement of SA.  
 JA is often the predominant hormone defense against insects [33, 130]. We found that 
that JA biosynthesis is induced in susceptible plants at 1 and 7 Days of infestation, although 
not as much as SA on Day 1 or ABA on Day 7. Interestingly, biosynthesis of JA is followed 
by induction of the JA-responsive genes on Day 1, but this does not occur on Day 7, when 
expression of JA-responsive genes is not observed even though JA biosynthesis is higher 
than on Day 1. Thus, it is possible that JA signaling is also repressed by aphids as a way to 
suppress effective defense responses. This strategy has already been proposed in other 
phloem feeder-plant interaction. Arabidopsis plants infested with silverleaf whitefly  (SLWF) 
induce SA-regulated RNAs locally and systemically, while JA-regulated RNAs are 
unchanged or decline. However, when the npr1 mutant, deficient in SA-regulated defenses, is 
treated with methyl jasmonate, SLWF nymph development is severely delayed. These results 
demonstrate that JA controls defenses that actively affect whitefly development, and indicate 
that this phloem feeder is able to suppress an effective defense response [29].   
 A putative mechanism for suppression of an effective JA response may be provided 
by small RNAs. Recent results indicate that defense against insects is regulated by small 
RNAs [66, 67]. While the involvement of small RNAs in the regulation of plant-aphid 
interactions has not been reported, Pandey and Baldwin [66] found that the RNA-dependent 
RNA polymerase RdR1 was highly induced in tobacco plants treated with caterpillar oral 
secretions. They also found that plants with reduced levels of RdR1 grew normally but failed 
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to accumulate nicotine in response to insect attacks and were highly susceptible to caterpillar 
feeding. They concluded that RdR1 mediates herbivore resistance and that the small RNAs 
produced by RdR1 were probably involved in orchestrating the rapid metabolic adjustments 
required for plants to survive herbivore attacks. These results led the same group to 
characterize the changes in the small RNA transcriptome of tobacco in response to caterpillar 
feeding [67]. Large changes in the small RNA transcriptome were observed, and 
identification of targets of differentially regulated miRNAs indicated an important role of 
miRNAs in regulation of JA response. RdR1 silencing had a large effect on the small RNA 
transcriptome as expected, and plants with deficient RdR1 had reduced JA responses, and 
enhanced ethylene signaling. 
 Our observation that a regulator of gene silencing is induced by aphids fits well with 
the idea that aphids can suppress the normal defense response against other herbivores 
through inhibition of the production of small RNAs. Rgs-CaM can block production of 
siRNAs; overexpression of this protein in tobacco plants resulted in complete inhibition of 
transgene silencing and lack of accumulation of small RNAs [121]. It was proposed that rgs-
CaM blocks production of small RNAs at the level of Dicer activity, i.e. downstream of the 
action of RdRs [131]. Thus, an increase in rgs-CaM, which can negatively affect gene 
silencing, could lead to changes in the small RNA transcriptome similar to those found in 
RdR1-deficient plants. This would lead to an inhibition of JA signaling and increase in ET 
signaling, two of the main results observed in our microarray analysis. Consequently, we 
hypothesize that aphids can suppress effective defense responses by altering the small RNA 
transcriptome. This hypothesis is further supported by the finding that other phloem feeders 
known to suppress effective defense responses also induce rgs-CaM in other systems. 
Analysis of previously published microarray data showed that an rgs-CaM homolog is 
induced by SLWF in Arabidopsis [132] and another member of the family is induced by the 
cabbage aphid (Brevicoryne brassicae), also in Arabidopsis [54].  
 The soybean plant’s effective defense against aphids appears to be SA, based on our 
results and other studies. SA-related transcripts are upregulated only in resistant plants prior 
to aphid infestation, and common SA response genes such as R genes and PR proteins are 
induced quickly in the resistance response [74], while ABA- and ET-related genes show 
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higher induction than SA in the ineffective susceptible response. In addition, ABA and JA 
may function as decoy defenses to suppress SA in other plants [129, 133, 134] and our 
experiments show that ET does not increase resistance. Both resistant and susceptible 
responses overlap with responses to P. syringae [74], a bacterial pathogen known for its 
induction of decoy defenses and also known to be controlled by a SA-related hypersensitive 
response [49-51]. Furthermore, one specific soybean defense against aphids is the emission 
of methyl salicylate, a SA-derived volatile, which is induced by aphid infestation and attracts 
one of their major predators, the lady beetle [27]. Finally, SA is the most common hormone 
for biotrophic defense [40].  
 More work is needed to determine if SA is effective against soybean aphids, the role 
of JA and small RNAs, and to elucidate other aspects of the aphid response. A SA induction 
experiment similar to our ET induction experiment would provide a quick indication of SA’s 
effect on resistance. Treatment with other hormones, such as ABA and JA, are also 
necessary. Defense priming effects might significantly affect aphid resistance, thus primed 
and unprimed plants could be compared to determine the role of the priming in this 
interaction, and a putative differential response to priming by R and S plants. Also, since 
aphids can infest a plant for months, longer time points should be studied to fully understand 
the response to aphid colonization. 
Materials and Methods 
Plant Growth Conditions 
 Soybean (Glycine max (L.) Merr.) plants were grown in a growth chamber with a 
constant temperature of 25°C and a 16 hour photoperiod. The lights were a combination of 
incandescent and fluorescent bulbs, with a light intensity of 20,000-35,000 lx at the top of the 
plants. Plants were watered manually. Seeds were sown in SB300 Universal bark-based 
growing mix (Sun Gro Horticulture, Vancouver, BC, Canada) in 15 cm diameter green 
plastic pots, and initially three seeds were planted in each pot. A dash of Rhizobium powder 
(B. japonicum) was applied to each seed during planting. Approximately a week after 
planting, while the plants are in the VC or V0 growth stage the two slower growing plants in 
each pot were cut off at the stem at the top of the soil, leaving one plant per pot. Initially the 
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pots were situated relatively close together with 1-2 inches between each pot. After aphid 
infestation and sampling some pots were removed and the plants were more spread out. In 
the repeat experiment there were a few differences: two seeds were initially planted per pot 
and the soil was autoclaved the day prior to planting. 
Experimental Design 
 This was a full-factorial experiment with three factors: soybean variety, aphid 
treatment, and infestation duration. There were six plants per treatment, plus extras. The two 
soybean varieties, provided by B. Diers (University of Illinois, Urbana-Champaign), were 
aphid-resistant cv. LD05-16060 (R) with the Rag1 gene and aphid-susceptible cv. SD01-76R 
(S). The genetic relation between these lines was described previously [71]. The aphid 
treatments were “with” (aphid plants) or “without” (control plants). The infestation duration 
was either one day (Day 1 plants) or seven days (Day 7 plants). The plant locations in the 
growth chamber were based on a split plot randomized complete block design. The whole-
plot factor was aphid treatment. To minimize aphid contamination of control plants, all the 
aphid plants were on the left half of the chamber and the control plants (without aphids) were 
on the right. Within each plot there were six complete blocks, and plants were randomized 
within each block. In the repeat experiment the plots were split again: the split-plot factor 
was proximity to the back wall of the chamber. In previous experiments the plants closer to 
the back wall grew faster than the plants far from the back wall.  
Aphid Infestation 
 A colony of soybean aphids [Aphis glycines Matsumura (Hemiptera: Aphididae)] 
living on cv. SD01-76R plants were kept in a separate growth chamber. These aphids were 
known to be controlled by the Rag1 gene. After all the Day 7 plants had reached the V3 
growth stage, an infested plant from the colony was brought to the experiment growth 
chamber and aphids were transferred to Day 7 aphid plants in the experiment. Using a fine 
tip (1mm diameter) paintbrush, ten aphids were applied to the adaxial surface of each leaflet 
of the third trifoliate leaves. Of the ten aphids applied to each leaflet, at least seven were 
wingless adults (aptera) and the others were nymphs. Overall, thirty aphids were applied to 
each aphid plant. At this time all the plants were individually covered with nets, which are 5-
gallon paint strainers (Trimaco LLC, Durham, NC, USA) secured with rubber bands around 
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the pot. The nets prevented almost all aphid movement to and from different plants and they 
decreased the light intensity 10-20%. Aphids were able to move freely on each plant. Five 
days after infestation of the Day 7 plants, aphids were applied to the Day 1 aphid plants in 
the same manner. Prior to sampling the aphids were counted on all plants. 
Leaf Sampling 
Third trifoliate leaves were sampled after one or seven days of aphid infestation. Each 
sample consisted of the third trifoliate leaves pooled from two plants. Overall there were 
three samples per treatment. For each sample, a razor blade was used to cut off each third 
trifoliate leaflet at its base, then all the leaflets for the sample were wrapped in foil, and 
finally the sample was submerged in liquid nitrogen. Less than a minute passed between the 
time of the first cut and submersion of the sample in liquid nitrogen. Immediately prior to 
sampling, the aphids on the third trifoliates of the aphid plants were gently removed using a 
soft paintbrush (4mm diameter). This brushing action was simulated with the same brush on 
control plants prior to their sampling. Control plants were also checked prior to sampling to 
ensure that there was no aphid contamination. After all the samples were collected for each 
time point, the sampled plants were removed from the growth chamber and the samples were 
transferred from the liquid nitrogen to a -80°C freezer. At a later date each sample was 
ground under liquid nitrogen using a mortar and pestle, and the ground tissue samples were 
stored in a -80°C freezer. 
RNA Isolation and Microarray Analysis 
Total RNA was isolated from the frozen ground leaf tissue using the RNeasy Plant 
Mini Kit (Qiagen, Valencia, CA, USA). RNA quantity and quality were determined using a 
NanoDrop ND 1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA) 
and an RNA 6000 Nano LabChip (Agilent Technologies, Palo Alto, CA, USA) with a 2100 
Bioanalyzer (Agilent). RNA concentration was adjusted to 0.73-1.00 µg/µl. GeneChip® 
Soybean Genome Arrays (Affymetrix, Santa Clara, CA, USA) were used to measure mRNA 
abundance in each of the twenty-four samples. The Iowa State University GeneChip Facility 
labeled, hybridized, and scanned the arrays. The labeling was done with the One-Cycle 
Target Labeling and Control Reagents kit (Affymetrix, part number 900493). The samples 
were processed following Affymetrix’s standard protocol. The hybridization was conducted 
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at 45C for 16 hours in a GeneChip Hybridization Oven 640 (Affymetrix) with constant 
rotation at 60 rpm. The arrays were washed and stained in the GeneChip Fluidics Station 450 
(Affymetrix) and scanned with the GeneChip Scanner 7000 7G (Affymetrix). GeneChip 
Operation Software was used for image data collection, as well as cell intensity and chip data 
file generation. 
Statistical Analysis of Microarray Data 
The R programming language for statistical computing (version 2.6.2), specifically 
the Bioconductor package [135] and affy package [136], was used throughout the statistical 
data analysis. Day 1 and Day 7 data were analyzed separately. Raw intensities were 
normalized using the GCRMA method [137] [138] [139]. After normalization all non-
soybean probe sets were filtered out. The aphid plant samples were compared to the control 
plant samples within each genotype to determine the susceptible response and resistance 
response to aphids. Also, the resistant control plant samples were compared to the susceptible 
control plant samples to determine effect of genotype on transcript levels. A mixed linear 
model was created and fit for each probe set and comparison [140]. In the model, the aphid 
treatment coefficient was multiplied times the log10 of the final aphid count to account for 
different aphid population sizes on replicates. For hypothesis testing, a moderated t-test [140] 
used the linear model determined the p-values, which were then converted to q-values [100] 
to control the multiple testing error. The q-values enabled us to estimate the false discovery 
rate (FDR). Fold changes were calculated using the means of the normalized intensity values 
for the experimental and control treatments for each comparison. Differential expression was 
determined using the following cutoffs: p ≤ 0.0001 and q ≤ 0.04 (FDR = 4%) and the 
absolute value of the fold change ≥ 2. The gene set analysis used 455 Gene Ontology 
biological processes [111], including defense-related processes, as sets and implemented the 
GSA method [110] with a maximum 5% FDR to determine differentially-expressed gene sets 
for each comparison. The clustering analysis involved all differentially-expressed probe sets 
in all comparisons for both time points. These probe sets were grouped, based on their aphid 
response and genetic components (log2 difference values) for both time points from the linear 
models, according to the iterative K-medoid method [141] [142] using a Euclidean distance 
metric. The optimal number of clusters was determined by finding the maximum average 
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silhouette width [142]. The cluster heat map was created using an Excel (Microsoft, 
Redmond, WA, USA) macro using the Visual Basic programming language. Positive 
coefficients above 0.6 are shown in yellow and negative coefficients below -0.6 are shown in 
blue. The color saturation is proportional to the absolute value of the coefficient up to a 
maximum saturation for coefficients whose absolute values are ≥ 3. Values between 0.6 and -
0.6 are white. 
Gene Annotations 
The Affymetrix array probe sets were assigned to genes and the genes were annotated 
initially by using the Soybase and the Soybean Breeder’s Toolbox SoyChip Annotations 
(www.soybase.org/AffyChip). Array probe sets were assigned to genes in the soybean 
genome (Soybean Genome Project, DoE Joint Genome Institute) by using BLASTN [143] 
[144] to compare probe set target sequences to predicted cDNA sequences. Only probe sets 
with sequences that matched a single gene with ≥ 95% identity and a resulting e-value ≤ 10-30 
were assigned. Differentially-expressed (DE) genes were defined by our group as soybean 
genes that have at least one matching DE probe set. The Soybase annotations were generated 
using TAIR (The Arabidopsis Information Resource), Uniref (UniProt Reference Clusters 
database), Aracyc (from TAIR), PANTHER [145], Pfam [146], KOG (Eukaryotic 
Orthologous Groups, from Joint Genome Institute), and Gene Ontology [111]. GeneChip® 
Soybean Genome Array probe set annotations (Affymetrix) were also used in conjunction 
with the Soybase annotations. 
RT-PCR 
The same RNA samples used for microarray analysis, along with RNA newly isolated 
in the same manner, were used for RT-PCR to confirm the microarray results. The iScript 
Select cDNA Synthesis kit (Bio-Rad Laboratories, Hercules, CA, USA) was used for first 
strand synthesis of cDNA made from total RNA samples. The cDNA solution was then 
diluted to get a concentration of 10ng/µl and stored in a -20°C freezer. Oligonucleotide 
primer sequences for each gene of interest were designed using our proprietary 
PrimerDesigner software, which utilizes the NCBI C++ Toolkit and the soybean genome. 
Primers were synthesized by IDT (Coralville, IA, USA) and the primer solutions were 
prepared with a concentration of 10µM and stored in a -20°C freezer. For the PCR reaction 
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for each sample, 7.5µl of GoTaq Green Master Mix (Promega, Madison, WI, USA) was 
mixed with 1µl of each primer solution and 5.5µl of the cDNA solution in a 0.2ml strip tube. 
The cDNA was amplified in a MasterCycler thermal cycler (Eppendorf, Hamburg, Germany) 
and the cycling parameters (temperature, number of cycles, duration) were dependent on the 
primer melting temperatures, PCR product length, and transcript expression level for the 
gene of interest. After the PCR the samples were stored in 4°C refrigerator until the results 
were analyzed in an agarose gel. The gel was a 1% agarose and 1X TBE mixture (1.75g 
agarose, 175ml TBE) with 4.5µl of 10µg/µl ethidium bromide solution. The gel was run at 
100V for 60 minutes and used 13µl of each reaction sample. A photo was then taken of the 
gel exposed to ultraviolet light. Prior to RT-PCR tests of genes of interest, the samples were 
run with primers for the reference gene ubiquitin (Glyma20g27950). 
qPCR 
Quantitative real-time reverse-transcribed PCR (qPCR) was used for further 
confirmation of microarray results. Primers were designed and synthesized in the same 
manner as for RT-PCR and the primer solutions were adjusted to 2µM. Total RNA samples 
were treated with Dnase I using Turbo DNA-free (Ambion, Austin, TX, USA) and then split 
into two groups: RT+ and RT–. The RT+ samples were used for first strand cDNA synthesis 
with the iScript Select cDNA Synthesis kit (Bio-Rad Laboratories), which included reverse 
transcriptase (RT). The RT– samples went through the same procedure except water was 
substituted for RT. All the samples were adjusted to 7ng/µl (ng of RNA for RT–, ng cDNA 
for RT+). For each qPCR run, the reaction solution for each sample was the following: 
12.5µl ABsolute QPCR SYBR Green Mix (Thermo Fisher Scientific, Waltham, MA, USA), 
0.25µl 10µM ROX reference dye (Thermo Fisher Scientific), 1.75µl of each 2µM primer 
solution, 3.75µl water, and 5µl of sample solution. All of the RT+ and RT– samples were 
tested with a ubiquitin reference gene (Glyma20g27950, which is unaffected by aphid 
treatment and genotypic differences) and the gene of interest. A “No Template Control” 
(NTC) reaction, in which water is substituted for sample solution, was included in each run 
for both the reference gene and gene of interest. In addition, a two-fold dilution series of one 
RT+ sample involving seven reactions was included for both the reference gene and gene of 
interest. The Stratagene Mx4000 Multiplex Quantitative PCR System (Agilent, Santa Clara, 
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CA, USA) was used for enzyme activation, cDNA amplification, and dissociation curve. The 
enzyme activation parameters were 15min/95°C. The cDNA amplification was 40 cycles of 
15s/95°C denaturation, 30s/56°C primer annealing, and 30s/72°C extension. The dissociation 
curve was 30s/95°C denaturation and then 80 cycles, 30s each, starting at 60°C and 
incrementing 0.5°C for each cycle. Stratagene Mx4000 software (Agilent) set the threshold 
and calculated raw quantification cycle values. The Pfaffl method [147] was used to 
determine the fold change differences in transcript expression levels for each comparison. 
The efficiency for each gene was determined using a standard curve based on the dilution 
series. In cases where transcript levels are shown, cycle times were converted to quantities 
using the standard curve. Transcript levels for each sample were calculated by dividing the 
gene of interest quantity by the reference gene quantity. 
Comparisons to Other Microarray Experiments 
The Asian soybean rust [67] and soybean cyst nematode [68] microarray experiments 
also used the GeneChip® Soybean Genome Array (Affymetrix). Raw intensity (CEL) files 
from these experiments were downloaded and the data were analyzed in the same manner as 
described in the “Statistical Analysis of Microarray Data” section. However, the soybean 
aphid microarray experiment [74] used cDNA arrays and thus different probes. BLASTN 
[143, 144] was used to search the soybean genome for genes matching (e ≤ 10-10) all of the 
target sequences (ESTs) for cDNA probes that were differentially-expressed in that 
experiment. If multiple probe sets matched a single gene, the results (fold changes) were 
averaged. Genes with results from both Li et al. [17] and our Day 1 time point were 
compared.  
Pathway Analysis 
Genes associated with the hormones abscisic acid (ABA), ethylene (ET), jasmonic 
acid (JA), and salicylic acid (SA) were used to analyze these hormones’ pathways’ responses 
to aphid infestation, ASR infection, and SCN infestation. A pathway score was assigned to 
each pathway for each experiment and comparison. Only genes that had an absolute fold 
change ≥ 1.2 and a q-value ≤ 0.20 were considered. Then fold changes were converted to 
log2 differences and weighted based on significance (1– q-value). These weighted log2 
differences were averaged, and that average was multiplied times 100 to get the final 
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pathway score. A heat map was created using Excel (Microsoft, Redmond, WA, USA). 
Positive scores are yellow, zero is white, and negative scores are shown in blue. The color 
saturation is proportional to the absolute value of the score up to a maximum saturation for 
scores whose absolute values are ≥ 70. A full description of the method used for pathway 
analysis is given in Chapter 4 of this thesis. 
Ethylene Induction Experiments 
These two experiments (first and second) were full-factorial with the following two 
factors: genotype and spray treatment. The genotypes were the same as in the microarray 
experiments (susceptible and resistant). Spray treatment was either water (control) or ACC 
(1-aminocyclopropane-1-carboxylic acid). Each plant is an experimental and observational 
unit and there were eight to ten biological replicates, plus extra plants to be sampled. All 
plants in the experiment were infested with aphids. Prior to the spray treatments, seeds were 
sown and the plants were grown in the same manner as the repeat microarray experiment. 
When plants reached the V4/V5 growth stage, plants were sprayed with water or ACC (Day 
0). For the second experiment the water and ACC plants were separated into two different 
growth chambers before spraying. On Day 0, a few plants were sampled in the same manner 
as microarray plants except there was no brushing off aphids; there were no aphids on the 
plants at this point. Also, second trifoliates were sampled in addition to third trifoliates and 
sampled plants were removed. Then the abaxial and adaxial surfaces of all leaves except for 
the third trifoliate (temporarily covered) were sprayed with either water or 1mM ACC 
solution. A SureShot Atomizer Sprayer (Milwaukee Sprayer, Menomonee Falls, WI, USA) 
was used to quickly deliver one fine layer of water or ACC onto the leaf. Plants receiving 
water were sprayed first to avoid ACC contamination of the sprayer. Typically 8ml of 
solution was used to spray each plant; not all of it would end up on the plant. Approximately 
twenty-four hours later (Day 1) another set of samples is obtained the same way as the first. 
The aphids for the first experiment were the same as in the microarray experiment except this 
time all the aphids descended from a single female (same cohort) and all aphids were 3-4 
days old. In the second experiment, four baby aphids 1-2 days old and one mother aphid 7-9 
days old were used in the infestation. In both experiments, after the sampling on Day 1, five 
aphids were applied to each plant in the same manner as the microarray experiments, and 
  52 
   
  
nets were put on the plants to prevent aphids from moving off their original plant. In the 
second experiment nets were put on five days prior to Day 1. On Day 2 the plants were 
sprayed again, the same way as on Day 0. On Day 8 the aphids were counted on all the plants 
and another round of samples was taken. Tissue processing, RNA isolation, and qPCR 
procedures were the same as with the microarray samples. 
Supplementary Data 
 A full listing of DE probe sets for all comparisons, the gene set analysis, and a list of 
probe sets included in the pathway analysis are posted on the following website: 
www.public.iastate.edu/~gustavo/labpage_003.htm.
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Supplemental Table 1.  PCR primer sequences. The sequences shown below were used for the PCR work in this chapter. In some cases genes had 
multiple primer sets; one for RT-PCR and another for qPCR. 
 





Gma.1332.1.S1_x_at Glyma05g37410 ACC synthase CCCATTCCTTATTATCCAGGT        TATTATCCTCTTTGGCCTTCTC 148 RT-PCR 
GmaAffx.765.1.S1_at Glyma05g37000 Amino acid transporter CGGGGTTTCACTTAACGA CGGATTTTTCGCAGTGATC 171 qPCR 
GmaAffx.765.1.S1_at Glyma05g37000 Amino acid transporter ATCACTGCGAAAAATCCG CAAAGGAGGTCCACTATCT 650 RT-PCR 
GmaAffx.50000.1.S1_at Glyma11g09880 Cytochrome p450 GTATGACGCTGATTGATGT GTTAGCGTCCCTATGCAA 407 RT-PCR 
Gma.8954.1.S1_at Glyma01g41330 Expansin-like protein AAAACGGTAAACGATGGTAG CTTCTCTGCATTACCACTC 510 RT-PCR 
GmaAffx.3696.1.S1_at Glyma04g17650 Gene silencing regulator TGGGGATGGTTGGATTTC AAGTAGCAGAGAATATCGTGTC 145 qPCR 
Gma.10706.2.S1_s_at Glyma11g10440 Leucine-rich repeat CACTTCCACCAATCCCTAA AAGAAGGTGGTACTGGGA 312 RT-PCR 
Gma.3291.1.S1_at Glyma14g14220 Lipid transporter CACCCAAAACCTACTCCT ATGTGATGGAGTTCTATGC 307 RT-PCR 
Gma.7625.1.S1_s_at Glyma07g00900 Lipoxygenase CCTTCTTAGGCCGTAATATCT GATAGATGCTAGACCCACC 531 RT-PCR 
GmaAffx.93073.1.S1_s_at Glyma03g28850 PR2 GATGCACAATCCGGGGTA TGGCTAGATGCTAGGTTTCTG 206 qPCR 
Gma.2249.1.S1_at Glyma02g13490 Rnase H ACTTGTGCACATTCAAGC GACACCATGGGCTACTTA 279 RT-PCR 
Gma.235.1.S1_at Glyma17g35430 SCOF-1 CCATCTTTTCCCTTTGACGA GGTACTCTTCTTCAGAAGGATG 91 qPCR 
GmaAffx.93644.1.S1_x_at Glyma20g27950 Ubiquitin TCTCCCTTCAAGATGCAGA GAGGTGAAGAGTACTCTCCTT 219 qPCR 
GmaAffx.93644.1.S1_x_at Glyma20g27950 Ubiquitin ACCCTTCACCTTGTCCTCCGTC GACACATTGAGTTCAACACAAACCG 162 RT-PCR 
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CHAPTER 3.  LONG-TERM TRANSCRIPTIONAL RESPONSE 
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Introduction 
The soybean aphid (Aphis glycines Matsumura) is a phloem-feeding pest that causes 
significant soybean (Glycine max) yield loss [12, 15, 148], reductions in seed oil content [20] 
and spreads plant viruses [17]. This native of Asia first appeared in North America in 2000 
[13] and has since spread throughout the Midwest, which accounts for the majority of the 
soybean acreage in the U.S. [14] Throughout the summer, aphids feed on soybean plants and 
rapidly reproduce by parthenogenesis. In field studies in which soybean plants are caged to 
prevent predation and other interference, a single aphid can proliferate into more than 4,000 
aphids on a single plant [20] and a single plant’s infestation peak  was shown to be more than 
a month after initial colonization [21]. Aphids feed by inserting their stylets into the sieve 
elements and obtaining phloem sap [22]. This diet is sugar-rich but aphids also need nitrogen 
and essential amino acids, which they obtain from free amino acids in the phloem sap [23] . 
Aphids have been shown to induce changes in the amino acid composition of phloem sap in 
wheat [149] and they are affected by factors that influence phloem amino acids. For example, 
potassium-deficient soybean plants have been shown to have higher aphid population 
densities than similar non-deficient plants [72, 150]. Asparagine levels in soybean leaves and 
phloem sap are elevated in potassium-deficient plants [72, 151], providing soybean aphids 
with an excellent source of nitrogen. Asparagine levels are also higher in aphid-susceptible 
soybean plants colonized by aphids compared to similar plants without aphids [124].  
In various plant species the biochemical response to aphid attack has been shown to 
involve signaling pathways of one or more of the following plant hormones: ethylene (ET), 
jasmonic acid (JA), and salicylic acid (SA). JA often mediates the defense against chewing 
insects [33] and studies in Arabidopsis and Medicago truncatula have shown that it is also 
involved in defense against aphids [46, 61, 92]. SA is the most common hormonal response 
to biotrophs [40] and many studies have implicated SA in aphid response [55, 59, 63, 74]. 
Experiments in cucumber, barley, and celery revealed that ET is induced by aphid infestation 
[53, 60, 93]. In addition to common defense hormones, the abiotic stress hormone abscisic 
acid (ABA) has been shown to have various effects on pathogen resistance [41], and seems to 
be part of the plant’s response to aphid infestation [25] [26]. Effective aphid defenses appear 
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to be species-specific (see Table 1). Thus, the soybean defense against aphids might or might 
not be similar to the defense mechanisms against aphids identified on other plants. 
Defense signaling pathways often lead to the production of compounds toxic to the 
invading pest or pathogen. The soybean phenylpropanoid pathway, which is involved in 
reproduction, secondary cell wall growth, and SA biosynthesis, is also responsible for the 
production of glyceollins, phytoalexins known to be involved in pathogen resistance. 
Glyceollins and other defense-related compounds are derived from isoflavones, which are 
known to be constitutively produced in soybean leaves and stored as inactive glycoside 
conjugates that can be rapidly activated by hydrolysis when needed [152, 153]. In the 
soybean phenylpropanoid response to Pseudomonas syringae, isoflavonoid phytoalexin 
transcripts are upregulated while non-defense-related flavonoid transcripts are downregulated 
[66]. Phytoalexins are not only involved in pathogen interactions; Arabidopsis phytoalexins 
are induced in response to the cabbage aphid [54]. The soybean phenylpropanoid pathway is 
known to be suppressed by ABA [154, 155], but the effects of other hormones are mixed or 
have not been fully elucidated. 
Local plant defenses are active at the site of attack while systemic defenses are 
activated to protect other parts of the plant from future attack. Mobile biochemical signals 
that activate systemic defenses can be transported through the vascular tissue or they can be 
transported through the air to other parts of the plant via the emission of volatile organic 
compounds (VOCs) [37, 38]. The second method is known as airborne priming and one 
example is the induced resistance of lima bean plants to P. syringae [156]. Protection by 
priming can extend not only against the specific attacker, but against a range of pathogens 
and pests [38]. When plant tissues are in a primed state they do not have fully activated 
defenses, but they are more sensitive to defense activation cues [37]. In addition to its role in 
systemic defense, VOC emission has been shown to attract predators of the attacking 
herbivores. For example, methyl salicylate emitted by A. glycines-infested soybeans attracts 
lady beetles [49], and hexenyl acetate emitted by Arabidopsis in response to Myzus persicae 
colonization attracts a parasitoid wasp [157]. 
It has been proposed that aphids can suppress the effective defense response through 
the activation of an antagonistic decoy response [94]. Research on potato aphid resistance in 
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tomato has shown that potato aphid infestation induces ET signaling which doesn’t appear to 
be an effective defense [64]. Furthermore, a functional ET pathway is necessary for virulence 
[64]. Another example is the induction of SA by silverleaf whiteflies, also phloem-feeding 
insects, in Arabidopsis. The SA response is antagonistic toward the effective JA defense [95]. 
In both examples the phloem-feeders appear to be manipulating the crosstalk among different 
defense pathways to activate a decoy defense and suppress the effective defense. 
Several soybean cultivars have shown resistance to aphids and there are at least four 
soybean aphid resistance genes; none of which have been cloned [81-84]. Researchers have 
also identified three soybean aphid biotypes, including two biotypes that are not controlled 
by one or more of the resistance genes [24, 25]. The only well-characterized aphid resistance 
gene is Mi-1.2 in tomato, which confers resistance to a biotype of the potato aphid 
(Macrosiphum eupohobiae), as well as to root-knot nematode (Meloidogyne spp.) and sweet 
potato whitefly (Bemisia tabaci) [75-77]. Mi-1.2 encodes a protein with an LZ-NBS-LRR 
motif [78] and Mi-1.2-dependent aphid resistance involves SA signaling [63].  
To date there have been two soybean transcriptional profiling studies of the aphid-
resistant and aphid-susceptible responses to aphids. Li et al. [74] used cDNA microarrays 
from leaf tissue sampled at 6 and 12 hours post application (hpa). In a previous analysis, we 
used oligonucleotide arrays to determine the responses at 24 hpa and 168 hpa (Ch. 2). Li et 
al. [74] saw a rapid resistance response peaking at 6 hpa and a slower susceptible response. 
The resistance response included the induction of common SA response transcripts for 
antimicrobial genes, PR proteins, and HR-associated genes. In addition, WRKY transcription 
factors, phenylpropanoid pathway genes, and one JA biosynthesis gene were upregulated. 
Our experiment used different cultivars than Li et al. and we found virtually no resistance 
response at 24 and 168 hpa, but we found evidence of partial constitutive resistance. The 
susceptible response  increased with time and reached a maximum by 168 hpa. At this time 
there was a massive induction of ABA-related transcripts. 
 We also noticed significant, inconsistent differences in uninfested resistant and 
susceptible plants for both time points even though our cultivars were closely related. 
Resistant plants expressed defense genes prior to aphid infestation, either as part of the 
constitutive resistance, or possibly as a result of airborne priming within our growth 
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chamber. Many of the defense-related genes differentially expressed in uninfested resistant 
plants were also upregulated in susceptible plants only after the application of aphids. Both 
transcriptional profiling experiments observed induction of the phenylpropanoid pathway and 
significant commonalities with the soybean plant’s response to P. syringae, a bacteria known 
to be controlled by a SA-related hypersensitive response [49-51]. A comprehensive 
phytohormone pathway analysis, along with evidence from both microarray studies, led us to 
propose that SA was the effective defense hormone mediating the response to soybean aphids 
and the ABA induction in the susceptible response was a decoy. 
Aphids are an unusual pest because they co-exist with their host for long periods of 
time without causing death of the plant. In this work we aim to extend the characterization of 
the transcriptional response of soybean to soybean aphid infestation. This study reports on 
the transcriptional response of soybean leaves to a long-term (21 day) aphid infestation, using 
aphid-resistant and aphid-susceptible cultivars in a no-choice growth chamber experiment.  
We found a significant susceptible response that included induction of 
phenylpropanoids, mostly a SA-mediated response, and a possible example of metabolic 
hijacking. As with the short-term findings, the resistance response was negligible. We also 
observed fewer genetic differences between the two varieties so it’s possible that this 
experiment was less affected by priming than the short-term colonization experiment. To our 
knowledge this is the first long-term study of soybean plant-aphid interactions. 
Results 
Transcriptional response of soybean to three-week aphid infestation 
A non-choice growth chamber experiment was conducted using two related cultivars: 
aphid-susceptible SD01-76R (S plants) and aphid-resistant LD16060 (R plants) with the 
Rag1 aphid resistance gene. At the V3 growth stage half the plants were infested with 
soybean aphids of biotype 1 which are known to be controlled by Rag1. After 20 days of 
infestation the aphids were counted on the plants, and after 21 days of infestation the leaves 
were sampled to undergo mRNA profiling. Thirty aphids were originally placed on each 
plant, and the aphid population increased in R and S varieties, but S plants had significantly 
higher aphid counts than R plants, confirming the resistance of LD16060 (Figure 11). 
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Figure 11.  Aphid population levels after 20 days of infestation. Aphid population levels on susceptible 
plants were much higher than on resistant plants after 20 days of infestation. Initially 30 aphids were applied to 
each plant. The mean aphid counts on susceptible and resistant plants were 4,555 and 338 respectively. The 
difference between resistant and susceptible levels was statistically significant (p ≤ 0.05).  
 
Transcript levels were determined using Affymetrix’s GeneChip® Soybean Genome 
Array of >37,600 soybean probe sets that correspond to an estimated 22,763 soybean genes 
according to the Soybase website (www.soybase.org/AffyChip), which is about 49% of the 
soybean genome [99]. We focused on three comparisons: the susceptible response (infested S 
plants vs. uninfested S plants), the resistance response (infested R plants vs. uninfested R 
plants), and genetic differences (uninfested R plants vs. uninfested S plants). Transcripts 
(probe sets) were considered to be differentially-expressed (DE) if they had a statistically 
significant (p ≤ 0.0001 and q ≤ 0.04) change of at least two-fold. Overall our cutoffs were 
very conservative and our false discovery rate was lower than 4% [100]. Figure 12 shows the 
number of DE transcripts per comparison. The susceptible response consisted of 365 
transcripts representing 265 soybean genes, the resistance response was non-existent, and the 
genetic differences consisted of 12 transcripts. 
Susceptible Response 
The susceptible response included transcripts associated with hormone signaling, 
defense, phenylpropanoid metabolism, and abiotic stress. Overall 258 transcripts (192 genes) 
were induced and 107 transcripts (74 genes) were suppressed. Table 4 lists a subset of DE 
transcripts for this comparison. The susceptible response involved nearly 1% of the probe  
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Figure 12.  Responses to aphid infestation and genetic differences. Numbers of differentially-expressed 
(DE) soybean transcripts for the three different comparisons. Each transcript is a probe set in the microarray.  
 
sets in the microarray and was the largest transcriptional change of the three comparisons in 
this experiment. 
The phenylpropanoid pathway was highly affected by aphid infestation; we detected  
thirteen DE genes, five upregulated and eight downregulated. To analyze the aphid-induced 
changes on this pathway in more detail, we performed a systematic analysis of 
phenylpropanoid metabolism using relaxed statistical significance and fold change criteria 
(absolute fold change ≥ 2, p ≤ 0.05). The pathway diagram in Figure 13 illustrates microarray 
comparisons on top of a simplified sub-network of phenylpropanoid reactions. In the diagram 
each circle represents a soybean gene whose results are shown in its color hue (up: yellow, 
down: blue, no change: gray), color saturation (statistical significance), and size (absolute 
fold change). Out of 180 genes analyzed, 57 (31.7%) meet the relaxed criteria and these 
represent transcripts encoding most of the enzymes shown in the simplified pathway. The 
flavonol and lignin branches of the pathway appear to be suppressed or unchanged, while the 
defense-related isoflavonoid transcripts are mostly induced. Isoflavonoid glycosyltransferase, 
which converts the bioactive isoflavone aglycone into its glycoside conjugate, is strongly 
downregulated. Three of the six soybean genes that are annotated as flavonoid 
glycosyltransferases are significantly downregulated and five of the six genes are 
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downregulated according to the relaxed criteria. This is perhaps the most uniform change for 
any enzyme in our results.  
Individual phytohormone-associated transcripts indicated that SA response genes and 
ET/JA response genes were induced while ABA-associated genes had mixed results. This is 
in stark contrast to the massive ABA response shown in the susceptible response after seven 
days of aphid infestation in a previous experiment (Ch. 2). Other defense-related transcripts, 
including several syringolide-induced proteins and WRKY transcription factors, were strongly 
upregulated. Two amino acid-related genes were differentially-expressed: asparagine 
synthetase was induced and an amino acid permease was suppressed.  
Results from a gene set analysis using the GSA method [110] with GO biological 
processes [111] as sets and a 5% FDR are partially listed in Table 5 and fully listed in the 
supplementary data. These results mirrored many of the observations seen from individual 
DE genes (Table 4). The most upregulated gene set, response to mechanical stimulus, could 
be the result of the large number of aphids colonizing each leaf. However, it could also be an 
artifact from our sampling process which involves aphid removal by brushing. The third 
trifoliate leaf on susceptible plants was covered with hundreds of aphids, and removal 
required extensive rubbing, which may not have been properly reproduced by the simulated 
removal procedure done on uninfested plants, and thus the aphid plants were subject to more 
mechanical stimulus. 
Quantitative real-time PCR (qPCR) was used to confirm some of the microarray 
results. Figure 14 shows the results for isoflavonoid glycosyltransferase and asparagine 
synthetase 1. Although the variance is high for some qPCR results, it still confirms a large 
upregulation of the genes analyzed. 
Resistance Response 
None of the 37,653 probe sets changed in response to long-term aphid infestation in 
the R plants. This is similar to results in our previous transcriptional profiling in resistant 
plants after one and seven days of aphid infestation (Ch. 2). Despite the lack of individual DE 
genes, the gene set analysis indicated that there were DE gene sets (Table 5). The “response 
to mechanical stimulus” set was upregulated, but as in the susceptible response, this could be 
an artifact of our aphid removal procedure. 
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Table 4.  Subset of DE transcripts in susceptible response. These Glycine max transcripts are induced by aphid infestation on aphid-susceptible plants. 
Gene annotation assignments were provided by Soybase. 
Category and Probe Set Gene Annotation Microarray Results 
Fold Change p-value q-value 
Phenylpropanoid pathway   
 
      
Gma.7423.2.S1_a_at Glyma11g31310 Similar to 4-coumarate-CoA ligase +14.16 1.09E-05 2.99E-03 
GmaAffx.87547.2.S1_at No Annotation Glycoside hydrolase, family 1 +9.68 6.61E-07 7.16E-04 
Gma.17605.3.S1_at Glyma08g11610 Chalcone synthase 9 +5.73 2.03E-05 3.91E-03 
GmaAffx.36482.1.S1_at Glyma13g37830 Anthocyanin acyltransferase +4.42 4.11E-05 5.54E-03 
Gma.3260.1.S1_at Glyma20g35630 Isoflavone 4'-O-methyltransferase +3.74 4.66E-05 5.94E-03 
GmaAffx.5737.1.S1_at Glyma15g05980 Isoflavonoid glycosyltransferase -3.31 1.53E-05 3.47E-03 
Gma.1527.2.S1_at Glyma11g29460 Dihydroflavonol reductase -3.55 9.63E-05 9.22E-03 
GmaAffx.49284.1.A1_s_at Glyma16g03760 UDP-glycose:flavonoid glycosyltransferase -3.78 8.09E-05 8.31E-03 
GmaAffx.70258.1.S1_s_at Glyma02g05450 Flavanone-3-hydroxylase -3.94 1.47E-05 3.47E-03 
GmaAffx.25369.1.S1_s_at Glyma11g05680 Isoflavonoid glycosyltransferase -4.00 1.65E-05 3.53E-03 
Gma.11753.1.S1_at Glyma15g34720 Isoflavonoid glycosyltransferase -4.23 1.40E-05 3.38E-03 
Gma.5757.1.S1_at Glyma18g49240 Isoflavonoid malonyl transferase 2 (fragment) -4.61 2.92E-05 4.69E-03 
Gma.9072.1.S1_at Glyma19g27930 Chalcone synthase -4.97 4.29E-05 5.68E-03 
Gma.1527.1.S1_x_at Glyma18g06510 Dihydroflavonol reductase -5.22 4.14E-06 1.77E-03 
Gma.15687.1.A1_at Glyma02g11640 UDP-glucuronosyl/UDP-glucosyltransferase -5.66 8.81E-05 8.77E-03 
   
      
Salicylic Acid Response 
  
      
GmaAffx.4537.1.S1_at No Annotation GRX480 +12.21 8.02E-06 2.57E-03 
GmaAffx.12883.1.S1_at Glyma17g33890* WRKY30 +9.20 3.78E-05 5.29E-03 
GmaAffx.76142.1.S1_at Glyma14g06640 Nematode resistance HS1pro1 protein +6.98 6.10E-05 6.98E-03 
GmaAffx.68985.1.S1_at Glyma06g06530* WRKY17 +6.45 3.22E-06 1.57E-03 
GmaAffx.90663.1.S1_at Glyma13g36950 GRX480 +4.84 5.22E-05 6.37E-03 
 
*Transcription factor 
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Table 4.  (continued) 
Category and Probe Set Gene Annotation Microarray Results 
Fold Change p-value q-value 
Abscisic Acid Response 
  
  
    
GmaAffx.786.1.S1_at Glyma02g41300 Putative calmodulin-related protein +5.41 9.89E-05 9.41E-03 
Gma.7226.2.S1_a_at Glyma11g15700 Mitogen-activated protein kinase 1 +4.71 1.59E-05 3.51E-03 
Gma.17654.1.S1_at Glyma03g29450 Calcium-dependent calmodulin-independent kinase +3.97 5.41E-05 6.49E-03 
Gma.4590.2.S1_x_at Glyma20g26770 Protein phosphatase 2C family protein +3.51 5.68E-05 6.65E-03 
GmaAffx.50980.1.S1_x_at Glyma11g34410 Protein phosphatase 2C family protein -4.49 5.02E-05 6.22E-03 
GmaAffx.85382.1.S1_s_at Glyma12g34570 Sali3-2 -5.28 8.64E-06 2.67E-03 
Gma.4385.1.S1_s_at Glyma02g47880 Putative fasciclin-like arabinogalactin protein -7.78 6.43E-07 7.16E-04 
   
      
Ethylene Response or ET/JA Response 
 
      
Gma.6754.1.S1_at Glyma07g33510* Pathogenesis-related transcriptional factor and ERF +45.75 9.03E-07 8.24E-04 
Gma.17874.1.A1_at Glyma03g38040 GmMYB76 +5.80 2.95E-05 4.69E-03 
GmaAffx.57525.3.S1_at Glyma20g35180 GmMYB29B protein +5.26 2.03E-05 3.91E-03 
GmaAffx.23351.1.S1_at Glyma02g00870* Pathogenesis-related transcriptional factor and ERF +4.84 1.61E-06 1.21E-03 
Gma.1332.1.S1_x_at Glyma05g37410* ACC Synthase +4.70 1.22E-05 3.10E-03 
GmaAffx.15015.1.S1_at Glyma10g00980* Pathogenesis-related transcriptional factor and ERF +2.93 4.13E-05 5.54E-03 
Gma.1954.1.S1_at Glyma16g02680* Member of DREB subfamily A-4 of ERF/AP2 family -6.54 1.37E-07 3.17E-04 
   
      
Multiple Hormone Response 
 
      
GmaAffx.1338.1.S1_at Glyma02g35210 Syntaxin-related protein +7.34 2.97E-05 4.69E-03 
Gma.9913.2.S1_a_at Glyma04g40130* Transcription factor +3.45 1.05E-05 2.93E-03 
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Table 4.  (continued) 
Category and Probe Set Gene Annotation Microarray Results 
Fold Change p-value q-value 
Amino Acid Biosynthesis and Transport 
 
      
Gma.12045.1.S1_at Glyma18g06840 Asparagine synthetase +13.73 4.19E-05 5.56E-03 
GmaAffx.73000.1.S1_at Glyma06g09280 Amino acid permease 5 -2.99 2.06E-05 3.92E-03 
   
      
Abiotic Stress 
  
      
GmaAffx.2501.4.S1_at Glyma16g32330* Drought responsive element binding protein +42.78 3.93E-09 2.72E-05 
Gma.6948.1.S1_at Glyma07g08310 Salt responsive protein 2 +20.30 2.58E-09 2.23E-05 
Gma.986.1.S1_at Glyma15g04570* C2H2 transcription factor +10.86 1.11E-05 2.99E-03 
Gma.3473.1.S1_at Glyma03g16410 Class I heat shock protein +9.78 2.02E-07 3.93E-04 
GmaAffx.65393.1.S1_s_at Glyma10g02210 ARG2 +4.86 7.40E-06 2.41E-03 
Gma.17802.1.S1_at Glyma04g34890 UVI1 +4.73 4.46E-05 5.83E-03 
Gma.2224.2.A1_s_at Glyma14g40380 β-tubulin -3.63 4.57E-05 5.91E-03 
Gma.2224.1.S1_s_at Glyma17g37770 β-tubulin -4.53 1.26E-05 3.16E-03 
Gma.2495.1.S1_at Glyma16g27130 Pip1 protein -5.31 3.24E-05 4.98E-03 
   
      
Other 
  
      
GmaAffx.3696.1.S1_at No Annotation Regulator of gene silencing +18.92 2.00E-06 1.26E-03 
GmaAffx.25321.1.S1_s_at Glyma04g04250 N-hydroxycinnamoyl/benzoyltransferase 4 +7.19 7.00E-06 2.38E-03 
GmaAffx.26509.1.S1_at Glyma11g10230 NAC6 protein +5.72 7.57E-07 7.38E-04 
GmaAffx.48085.1.S1_at No Annotation Putative calmodulin +4.43 2.67E-05 4.51E-03 
Gma.16176.1.S1_at Glyma14g39020 Polyamine oxidase 2 -4.74 3.04E-05 4.78E-03 
Gma.5785.1.S1_at Glyma08g02610 Endo-1,4-beta-glucanase -5.19 2.11E-06 1.28E-03 
Gma.15564.2.S1_x_at Glyma08g14670 Myo-inositol-1-phosphate synthase -5.48 6.43E-06 2.21E-03 
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Table 4.  (continued) 
Category and Probe Set Gene Annotation Microarray Results 
Fold Change p-value q-value 
Defense Response 
  
      
Gma.120.1.S1_at Glyma03g35990 Syringolide-induced protein B13-1-9 +45.29 2.95E-06 1.55E-03 
Gma.1470.1.S1_at No Annotation Syringolide-induced protein 14-1-1 +29.18 3.27E-07 5.15E-04 
GmaAffx.23402.1.S1_at Glyma14g39300 Syringolide-induced protein 13-1-1 +21.48 2.51E-06 1.50E-03 
Gma.8448.1.S1_at Glyma18g04770 Syringolide-induced protein 13-1-1 +16.18 4.72E-05 5.97E-03 
GmaAffx.73842.1.S1_at Glyma08g02580* WRKY20 +13.73 2.63E-05 4.47E-03 
Gma.11004.1.S1_at Glyma03g35920 Hairpin-inducing protein +10.93 2.04E-06 1.26E-03 
GmaAffx.65651.1.S1_at Glyma13g04780 Avr/Cf-9 rapidly elicited protein 231 +9.81 3.87E-06 1.73E-03 
GmaAffx.73842.2.S1_at Glyma05g36970* WRKY family transcription factor +9.61 1.11E-05 2.99E-03 
GmaAffx.57686.1.S1_at Glyma01g01400 Putative NBS-LRR type disease resistance protein +6.70 3.40E-05 5.08E-03 
GmaAffx.20155.1.S1_at Glyma02g35230 Syntaxin Related Protein 1 +5.93 2.87E-06 1.55E-03 
Gma.1944.1.S1_at Glyma01g04360 Matrix metalloproteinase MMP2 +5.89 7.25E-05 7.80E-03 
GmaAffx.7166.1.S1_at Glyma19g44380* WRKY43 +5.68 1.76E-05 3.63E-03 
Gma.744.1.S1_at Glyma01g43420* WRKY12 +5.46 6.69E-05 7.48E-03 
GmaAffx.1301.28.S1_at Glyma19g35770* Putative Cys2-His2 zinc finger transcription factor +5.23 9.72E-06 2.82E-03 
GmaAffx.74588.1.S1_at Glyma12g34210 NDR1-like protein +4.80 2.75E-05 4.52E-03 
GmaAffx.82595.1.S1_at Glyma02g11150 Stress-induced receptor-like kinase +4.73 5.34E-05 6.46E-03 
GmaAffx.64000.1.S1_at Glyma08g14160 Avr/Cf-9 rapidly elicited protein 75 +4.58 2.41E-05 4.26E-03 
GmaAffx.1087.1.A1_at No Annotation Functional candidate resistance protein KR1 +3.89 2.95E-05 4.69E-03 
Gma.2055.1.S1_s_at Glyma05g00640 Membrane localized t-SNARE SNAP21 homolog +3.84 5.35E-05 6.46E-03 
Gma.1824.1.S1_at Glyma04g05320 Ferrochelatase +3.55 4.65E-05 5.94E-03 
GmaAffx.90673.1.S1_at Glyma01g39000 Disease resistance protein; AAA ATPase +3.35 8.97E-05 8.84E-03 
Gma.12999.1.A1_at Glyma02g11670 Aldehyde dehydrogenase -2.91 9.44E-05 9.09E-03 




     
  66 
   
  
 
Figure 13.  Phenylpropanoid metabolism changes in the susceptible response.  A subset of phenylpropanoid 
reactions are shown with enzyme abbreviations are in gray font. Each circle represents a soybean gene and its 
microarray result is depicted by its color hue, color saturation, and size. Genes whose results meet relaxed DE 
criteria (|fold| ≥ 2, p ≤ 0.05) are shown in blue (suppressed) or yellow (induced). If a gene’s results fail to meet 
the relaxed criteria then they are represented by a small white circle with a gray outline.  
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Table 5.  Gene set analysis. Subset of results of a gene set analysis based on changes in transcript members of 
455 Gene Ontology biological processes. The GSA score indicates the direction and magnitude of the change 
for each set. The false discovery rate is 5%. Gene Ontology biological processes and annotations for the 
Affymetrix probe sets were determined using the SoyChip Annotations from Soybase and Affymetrix Soybean 
Genome Array annotations. 
 
Comparison and Biological Process GSA Score 
Susceptible Response 
response to mechanical stimulus 4.10 
ISR, jasmonic acid mediated signaling pathway 1.79 
positive regulation of programmed cell death 1.59 
response to fungus 1.23 
jasmonic acid mediated signaling pathway 0.84 
response to osmotic stress 0.32 
response to nematode -0.39 
cell wall metabolic process -0.72 
pollen germination -1.14 
fluid transport -1.53 
  Resistance Response 
 
response to mechanical stimulus 1.84 
response to virus 0.72 
JA- and ET-dependent systemic resistance, ET mediated 0.54 
lipid transport 0.43 
amine transport -0.19 
cell wall metabolic process -0.49 
  Genetic Differences 
 
negative regulation of coagulation 1.52 
RNA transport 0.64 
response to abscisic acid stimulus 0.31 
defense response -0.40 
cell wall metabolic process -0.71 
response to fungus -0.92 
negative regulation of programmed cell death -0.95 
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Figure 14.  Confirmation of microarray results for selected transcripts. Quantitative real-time reverse-
transcribed PCR (qPCR) was used to confirm the microarray results for changes seen in the susceptible 
response and genetic differences. Isoflavonoid glycosyltransferase (IGT, Gma.11753.1.S1_at) was 
downregulated and asparagine synthetase 1 (ASN, Gma.12045.1.S1_at) was upregulated in the susceptible 
response. Ferritin-1 (FER-1, Gma.13352.1.S1_at) was expressed at higher levels in uninfested resistant plants 
than in uninfested susceptible plants. The vertical axis scale is the fold change divided by the microarray fold 
change for each transcript. Actual fold change values are shown in gray. 
 
Genetic Differences 
Although our resistant and susceptible cultivars are closely related, the uninfested R 
and S plants still have transcriptional differences and these are all shown in Table 6. A 
Ribonuclease H transcript was present in large quantities in S plants but nearly undetectable 
in R plants. S plants also had higher levels of an isoflavone 4-O-methyltransferase and 
candidate resistance protein KR1. Notable transcripts that were found at higher levels in R 
plants than S plants were two thioesterases and a phospholipase D gene. The gene set 
analysis (Table 5) indicated that cell wall metabolism transcripts are more abundant in S 
plants, as was the general “defense response” set. Even though these plants never had aphids 
or any observable disease, defense-related gene sets and individual genes are differentially-
expressed in this comparison. 
The statistical model indicated that one of the effects of the resistant genotype was an 
increase in all ferritin transcripts except for ferritin-3. Table 7 shows all the probe sets 
annotated as ferritin genes along with their results from the statistical model and hypothesis 
testing. Our model reveals that not only are ferritins 1, 2, and 4 expressed at approximately 2-
fold higher levels in R plants after 21 days of aphid infestation, but also at two other earlier 
  69 
   
  
time points from a previous experiment (Ch. 2). These genes were among the most 
consistently upregulated by the genetic effect in the statistical model. The hypothesis testing 
resulted in modest fold change increases and low p-values, but the q-values were too high for 
these transcripts to meet our strict differential expression criteria. The differential expression 
of one of the genes, ferritin-1 (Glyma18g43650), was confirmed by qPCR (Fig. 14), 
suggesting that ferritins are indeed expressed at higher levels in uninfested R plants 
compared to uninfested S plants. 
Phytohormone Pathway Changes 
A pathway analysis was used to determine changes in transcript levels for genes 
associated with ABA, ET, JA, and SA, and compared the involvement of these hormones in 
the response to long-term aphid infestation in all three comparisons. For each hormone and 
comparison, a score was calculated based on the fold changes and their statistical 
significance for all transcripts related to that hormone. All transcripts with absolute fold 
changes ≥ 2 and q values ≤ 0.20 for a given comparison were included in the calculation of 
the score. An overall hormone pathway score was determined along with scores for only 
biosynthesis genes or individual marker genes. Individual marker genes were ATAF1 [113] 
for ABA, ACC oxidase [114] for ET, JAR1 [115] for JA, and EDS1 [116] for SA. Figure 15 
shows the results of the analysis. Phytohormone pathway changes were virtually nonexistent 
in the resistance response and genetic difference comparisons, but many changes were seen 
in the susceptible response comparison.  
Overall, SA response was predominantly induced in the susceptible response. ET was 
the only hormone whose biosynthesis transcripts were induced but this did not result in 
induction of the ET marker transcripts suggesting that ET signaling was not induced. The 
ABA marker gene ATAF1 increased but the induction of ABA catabolism genes and the lack 
of ABA biosynthesis gene induction seemed to contradict the ATAF1 induction. JA-related 
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Table 6.  Genetic differences. All differentially-expressed Glycine max transcripts in the uninfested aphid-resistant plants compared to the uninfested aphid-
susceptible plants are listed below. Gene annotation assignments were provided by Soybase. 
 
Category and Probe Set Gene Annotation Microarray Results 
Fold Change p-value q-value 
Gma.12892.1.A1_at No Annotation Unknown +7.11 1.84E-07 1.73E-03 
GmaAffx.71943.1.S1_at Glyma07g08180 Thioesterase family protein +6.74 5.69E-08 7.15E-04 
Gma.9000.1.S1_at Glyma17g34850 Unknown +5.68 4.10E-06 1.93E-02 
Gma.4618.1.A1_at Glyma03g01210 Acyl-CoA thioesterase family protein +3.59 1.85E-06 9.94E-03 
GmaAffx.52838.1.S1_at Glyma02g10360 Phospholipase D +3.36 1.21E-05 3.80E-02 
Gma.5464.1.S1_at Glyma02g46310 Unknown -3.39 1.11E-05 3.79E-02 
GmaAffx.784.1.A1_at Glyma07g07730 Unknown -3.42 5.13E-06 2.15E-02 
Gma.13499.1.A1_at No Annotation EMB1075; carboxy-lyase; similar to GAD2 -4.55 1.36E-06 8.52E-03 
Gma.13012.1.A1_at Glyma13g26650 Functional candidate resistance protein KR1 -4.72 4.84E-07 3.64E-03 
Gma.1840.2.S1_at Glyma13g27090 DNAJ heat shock N-terminal domain-containing protein -6.55 2.78E-08 5.23E-04 
GmaAffx.32612.1.S1_at Glyma13g24210 Isoflavone 4'-O-methyltransferase -8.88 8.29E-06 3.12E-02 
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Table 7.  Results for ferritin transcripts. The microarray results for the 21 day time point and statistical model genetic effect coefficients for the 1, 7, and 
21 day time points are shown for all Glycine max transcripts that were annotated as ferritin. The microarray changes are shown as log2 differences (as 
opposed to fold changes) so they can be easily compared to the statistical model coefficients. The type of ferritin was unknown for two of the transcripts. 
 
      Genetic Effect (log2-transformed) Day 21 Microarray Results 
Probe Set Gene Type Day 1 Day 7 Day 21 log2 difference p-value q-value 
Gma.13352.1.S1_at Glyma18g43650 1 1.46 1.10 1.47 1.46 3.89E-03 1.00E+00 
GmaAffx.93603.1.S1_s_at Glyma18g43650 1 0.14 1.09 2.11 2.13 3.43E-04 4.45E-01 
Gma.2505.1.S1_a_at Glyma01g31300 2 1.41 1.15 1.63 1.64 1.21E-03 7.88E-01 
Gma.2505.1.S1_at Glyma01g31300 2 0.97 1.64 2.50 2.51 3.66E-04 4.55E-01 
Gma.2505.2.S1_x_at Glyma03g06420 2 1.17 0.84 1.43 1.43 2.07E-03 1.00E+00 
Gma.2505.2.S1_at Glyma03g06420 2 1.22 0.67 1.22 1.21 2.40E-03 1.00E+00 
Gma.1160.1.S1_at No Annotation 3 0.21 -0.42 -0.12 -0.13 7.56E-01 1.00E+00 
Gma.1160.1.S1_s_at Glyma18g02800 3 -0.37 -0.64 0.08 0.07 8.09E-01 1.00E+00 
GmaAffx.78882.1.A1_at Glyma18g02800 3 0.32 -0.08 0.04 0.03 8.86E-01 1.00E+00 
GmaAffx.81981.1.S1_at Glyma18g02800 3 -0.43 -0.56 0.49 0.48 1.31E-01 1.00E+00 
Gma.1586.1.S1_at Glyma14g06160 4 0.83 1.45 1.13 1.14 3.66E-03 1.00E+00 
Gma.1089.1.S1_at Glyma07g19060 
 
0.95 1.66 1.89 1.92 1.03E-03 7.51E-01 
Gma.1089.1.S1_s_at Glyma07g19060 
 
0.79 1.54 2.07 2.10 6.90E-04 5.91E-01 
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Figure 15.  Phytohormone pathway analysis for long-term aphid response. Changes in expression of 
transcripts associated with the hormones abscisic acid (ABA), ethylene (ET), jasmonic acid (JA), and salicylic 
acid (SA) were studied for all three comparisons: the susceptible response (S Resp), resistance response (R 
Resp), and genetic differences (Genetic). The fold changes and statistical significance (q-value) for the relevant 
genes are used to determine a score for each experiment and comparison. Positive scores indicate induction and 
negative scores indicate suppression. Initially all genes associated with the hormones were included. In the 
center only biosynthesis genes are considered and in the right section only popular marker genes are considered. 
In all scoring, only genes with absolute fold change above 1.20 and q-values less than 0.20 had an effect.  A 
three-color scale was used to highlight the scores: blue for negative (suppression), white for no change, and 
yellow for positive (induction). Marker gene transcripts are either induced by the hormone or are essential to the 
hormone's response pathway. These genes were chosen according to Lu et al. 2007 (ATAF1), Staswick and 
Tiryaki 2004 (JAR1), Kim et al. 1997 (ACCO), and Falk et al. 1999 (EDS1). 
Discussion 
This is the third transcriptional profiling of soybean’s response to the soybean aphid, 
and the first to study the transcriptional response to long-term aphid infestation. In this 
analysis we revealed additional defense responses and phytohormone changes, while also 
solidifying conclusions from previous experiments. 
The simultaneous defense-related induction of isoflavonoids and suppression of 
flavonoids has been observed in the soybean resistance response to P. syringae [66] and our 
susceptible response in this experiment. Specifically, in both experiments isoflavone-related 
transcripts, such as chalcone synthase and 4-coumarate CoA-ligase, are upregulated and 
flavone-related transcripts including dihydroflavonol-4-reductase, flavanone-3-hydroxylase, 
and anthocyanidin synthase are downregulated. An analysis of phenylpropanoid transcripts 
(Fig. 13) using relaxed statistical criteria gave indications that aphid-infested S plants also 
induced chalcone isomerase, isoflavone reductase, pterocarpan synthase, and several 
isoflavone methyltransferases. Not only were isoflavonoid biosynthesis transcripts induced, 
but the strong suppression of isoflavonoid glycosyltransferases and an isoflavonoid 
malonyltransferase revealed that isoflavones were no longer being stored as inactive 
glycoside or malonyl conjugates.  
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Soybean leaves are known to have a constitutive supply of isoflavone glycosides 
(daidzein and genistein) and previous reports have speculated that the β-glucosidases that 
convert them back to bioactive aglycones are important in defense regulation [152]. 
Unfortunately the mixed response of β-glucosidases in our experiment did not confirm this 
hypothesis. However, we have at least one example of defense regulated regulation of 
glycosyltransferases: flavonoid glycosyltransferases in Medicago truncatula have been 
shown to be suppressed in response to a fungal elicitor [158]. Flavonoids from many plant 
species are known to affect the feeding and oviposition of a variety of insects [159]. There 
are examples of isoflavone-derived insecticides in soybean: daidzein, genistein, and 
formononetin are toxic to mosquito larvae [160], and the soybean looper is controlled by the 
pterocarpan phaseol and the isoflavone afrormosin [161]. The induction of isoflavonoids and 
the suppression of isoflavonoid storage suggest that an isoflavone-derived defense compound 
is produced in response to aphid infestation. 
It has been proposed that aphids can actively suppress effective defense responses, 
and at the same time affect the plant’s metabolism to improve the nutritional value of the 
plant for their own benefit [29] [71].The induction of asparagine synthetase 1 transcripts 
could be a sign of metabolic hijacking by the aphid. Increase in ASN synthetase enzymatic 
activity should result in increased levels of ASN, which could be available to be transported 
to the phloem, making the sap more nutritious for the aphid. This hypothesis is supported by 
a previous report in which ASN levels have been associated with increased aphid 
performance. Soybean plants growing in potassium deficient soil support a higher rate of 
soybean aphid population growth than non-stressed plants [72, 73]; and this increased 
performance of A. glycines on potassium deficient plants was attributed to a higher 
concentration of asparagine in the phloem sap of these plants [72]. Previous transcriptional 
profiling of the soybean susceptible response to aphids provides a time frame for the 
induction of asparagine synthetase: after 1 day of infestation there is no sign of increase, but 
after seven days there is a 14-fold increase (p = 0.00149, q = 0.0192), similar to our 21 day 
results (Ch. 2). The suppression of an amino acid permease transcript could be further 
evidence that the aphid has induced changes that result in more nitrogen in the phloem sap. 
The transcript differences between the uninfested R and S plants observed in our previous 
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microarray experiment and in the current work could be explained by differential airborne 
priming or by actual genotypic differences between the two closely related cultivars. The 
aphid-infested and uninfested plants were grown in the same growth chamber, thus it is likely 
that airborne priming signals from the infested plants were detected by the uninfested plants, 
inducing a primed state, which involves transcriptional changes that enable the uninfested 
plants to be more sensitive to hormones in the event of an attack [37]. However, there is a 
statistically significant fitness cost to maintaining a primed state [162], and although there are 
no reports on the duration of soybean priming, it seems unlikely that the plant would remain 
in a primed state twenty-one days after the onset of the infestation. Therefore, transcriptional 
differences that were consistent among the results of this experiment and the day 1 and day 7 
time points in the previous experiment (Ch. 2) were considered real genetic differences and 
not the result of priming. Evidence of constitutive differences was also found by amino acid 
profiling of the same lines used in this study that had been grown in field conditions and 
subject to natural aphid infestations [71]. 
These real genetic differences could be constitutive resistance, which has been seen in 
aphid resistance in wheat [122] and barley [123]. We did not find any resistance response in 
the hypothesis tests of individual genes, but aphid population numbers are significantly 
different between S and R plants, indicating that resistance is active. Thus, it is reasonable to 
expect that defense-related transcripts could be constitutively expressed at higher levels in all 
R plants. The ribonuclease H transcript that is present at high levels in S plants and nearly 
undetectable in R plants for all three time points (Day 1, 7, 21) does not appear to affect 
resistance or susceptibility because in an Asian soybean rust-resistant soybean line (with 
Rpp2)  the lack of the transcript did not affect aphid population growth (not shown). This 
may indicate that some of the constitutive differences observed between S and R plants are 
due to genetic differences unrelated to Rag1, which is expected, since the two lines used in 
this study are not true isogenic lines. However, other genes seem to have a role in defense 
and may be part of the resistant phenotype observed in plants carrying the Rag1 gene. The 
high levels of several ferritin transcripts in R plants could be constitutive resistance. Once an 
infection or infestation is established, pest and plant compete for endogenous resources such 
as iron. Ferritin is the protein used by plants and pathogens to store iron, and research has 
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shown that bacterial soft rot (Erwinia chrysanthemi) ferritins can successfully compete with 
soybean ferritin to obtain iron from a soybean cell suspension [163]. Plant ferritin transcripts 
are induced by pathogen attack in wheat and Arabidopsis [164, 165] and the lack of a 
functional ferritin gene (AtFer1) in Arabidopsis results in enhanced susceptibility to a 
pathogenic bacterium [165]. To our knowledge there have been no reports of the involvement 
of ferritin in defense against aphids.  
Analysis of the transcriptional profiling of the soybean plant’s response to aphid 
infestation for early time points [74],(Ch. 2) led us to propose that SA mediates the effective 
defense against aphids. The transcriptional response to long-term aphid infestation seen in 
this experiment has added more evidence to that hypothesis. The pathway analysis (Fig. 15) 
indicated that SA is the dominant hormone as it was in the Day 1 time point. We also 
proposed that  ABA signaling is part of a decoy defense. By Day 21 it seems that the S plants 
have successfully overcome the decoy by downregulating ABA and reactivating SA. A 
drawback of our hypothesis is the fact that the aphid population seems to be thriving on S 
plants after 21 days of colonization. However, it is reasonable to assume that although the S 
plants have high aphid counts, they are mounting some sort of defense although it is not 
enough to halt aphid population growth. It is also possible that by this time the metabolic 
hijacking carried out by aphids is well-established and the decoy defense response is not 
longer needed. Moreover, our analysis did not determine whether aphids have similar growth 
rates at Day 1, 7, or 21, since we only measured the final aphid counts. If SA is the effective 
defense, we would expect that aphid growth rate would be higher on Day 7 when the 
effective defense has been at least partially suppressed. The use of hormone pre-treatments 
and plants with deficient hormone biosynthesis and signaling pathways will be needed to 
further analyze our hypotheses.  
Conclusion 
The transcriptional response of aphid-susceptible soybean plants to long term aphid 
infestation is characterized by changes in phenylpropanoid metabolism, activation of SA 
signaling, and changes in amino acid-related transcripts that could affect the nutritional 
content in the phloem. In the phenylpropanoid pathway, flavonoid and lignin genes are 
unchanged or suppressed, while isoflavonoid synthesis genes are upregulated. Also, 
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isoflavonoid storage genes are strongly suppressed indicating that the isoflavones are no 
longer being stored, but are remaining in their more bioactive aglycone form, possibly to 
produce a defense compound toxic to the aphid. A comprehensive hormone pathway analysis 
revealed that SA-related transcripts are activated, while ABA transcripts are suppressed, and 
ET- and JA-associated genes are mostly unchanged. The strong induction of asparagine 
synthetase and suppression of an amino acid permease gene might be evidence of metabolic 
hijacking by the aphid to increase the nitrogen content in the phloem, thus improving the 
nutritional value for the aphid. There were no significant transcriptional differences between 
aphid-infested and uninfested resistant plants with the Rag1 gene, yet aphid population 
growth was clearly slower in these plants compared to the susceptible variety. The lack of 
differences provides evidence of constitutive resistance, which could be manifested in the 
induction of ferritin genes or other transcripts that are consistently different between the two 
cultivars.  
Materials and Methods 
Plant Growth Conditions 
Soybean (Glycine max (L.) Merr.) plants were grown in a growth chamber with a 
constant temperature of 25⁰C and a 16 hour photoperiod. The lights were a combination of 
incandescent and fluorescent bulbs, with a light intensity of 20,000-35,000 lx at the top of the 
plants. Plants were watered manually. Seeds were sown in SB300 Universal bark-based 
growing mix (Sun Gro Horticulture, Vancouver, BC, Canada) in 15 cm diameter green 
plastic pots. A dash of Rhizobium powder (B. japonicum) was applied to each seed.  
Experimental Design 
This was a full-factorial experiment with two factors: soybean variety and aphid 
treatment. There were six plants per treatment, plus extras. The two soybean varieties are 
aphid-resistant cv. LD16060 (R) with the Rag1 gene and aphid-susceptible cv. SD01-76R 
(S). The aphid treatments were “with” (aphid plants) or “without” (control plants). The plant 
locations in the growth chamber were based on a split-split-plot randomized complete block 
design. The whole-plot factor was aphid treatment. To minimize aphid contamination of 
control plants, all the aphid plants were on the left half of the chamber and the control plants 
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(without aphids) were on the right. The split-plot factor was proximity to the back wall of the 
chamber. In previous experiments the plants closer to the back wall grew faster than the 
plants far from the back wall. Within each plot there were six complete blocks, and plants 
were randomized within each block.  
Aphid Infestation 
Soybean aphids were applied in the same manner as in Chapter 2. Twenty-four hours 
prior to sampling the aphids were counted on all plants. 
Leaf Sampling and Tissue Processing 
Third trifoliate leaves were sampled after twenty-one days of aphid infestation. Each 
sample consisted of the third trifoliate leaves pooled from two plants. First, the plants were 
checked for non-aphid infestation (e.g. thrips) and control plants were checked for aphid 
contamination. Second, aphids were removed from the third trifoliate by first submerging the 
leaf in water and then gently rubbing off the aphids. Then the leaf was patted down with a 
paper towel and after a minute the leaf was dry. Finally, a razor blade was used to cut each 
third trifoliate leaflet off at its base, all the leaflets for the sample were wrapped in foil, and 
the sample was submerged in liquid nitrogen. Less than a minute transpired between the time 
of the first cut and submersion of the sample in liquid nitrogen. After all the plants were 
sampled, each sample was ground under liquid nitrogen using a mortar and pestle. 
RNA Isolation and Microarrays 
After grinding the leaf tissue, total RNA was isolated, RNA quality was verified, 
RNA concentration was adjusted, and GeneChip® Soybean Genome Arrays (Affymetrix, 
Santa Clara, CA, USA) were used to determine mRNA abundance in each of the samples, as 
described in chapter 2. RNA samples and ground leaf tissue were stored in a -80°C freezer 
when not in use. 
Statistical Analysis of Microarray Data 
The statistical analysis of the microarray data involved normalization and hypothesis 
testing of individual genes and gene sets. Differential expression for individual genes was 
determined using the following cutoffs: p ≤ 0.0001 and q ≤ 0.04 (FDR = 4%) and the 
absolute value of the fold change ≥ 2. For gene sets, the false discovery rate was 5%. A 
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statistical model, which included aphid effects, genotypic effects, and the aphid:genotype 
interaction effect was created for each transcript. All of the analyses in this section are 
described in more detail in chapter 2. 
Gene Annotations 
Array probe sets were assigned to genes in the soybean genome (Soybean Genome 
Project, DoE Joint Genome Institute) by using BLASTN [143, 144] to compare probe set 
target sequences to predicted cDNA sequences. Only probe sets with sequences that matched 
a single gene with ≥ 95% identity and a resulting e-value ≤ 10-30 were assigned. 
Differentially-expressed (DE) genes were defined as soybean genes that have at least one 
matching DE probe set. The genes were annotated mainly by using the Soybase and the 
Soybean Breeder’s Toolbox SoyChip Annotations (www.soybase.org/AffyChip). 
GeneChip® Soybean Genome Array probe set annotations (Affymetrix) were also used in 
conjunction with the Soybase annotations. 
qPCR 
Quantitative real-time reverse-transcribed PCR (qPCR) was used for further 
confirmation of microarray results as described in chapter 2. The Pfaffl method [147] was 
used to determine the fold change differences in transcript expression levels for each 
comparison. The efficiency for each gene was determined using a standard curve based on 
the dilution series. 
Hormone Pathway Analysis 
Genes associated with the hormones abscisic acid (ABA), ethylene (ET), jasmonic 
acid (JA), and salicylic acid (SA) were used to analyze responses to long-term aphid 
infestation as described in chapter 4. The pathway score is based on fold change and 
significance of all genes associated with a hormone’s pathway. 
Phenylpropanoid Pathway 
Our representation of the soybean phenylpropanoid pathway was elucidated based on 
literature [66, 166-179], the MedicCyc Medicago truncatula database 
(www.mediccyc.noble.org) [180], and the MetaCyc Encyclopedia of Metabolic Pathways 
(www.metacyc.org) [181]. In the diagram the susceptible response microarray result for each 
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gene is represented by a circle near the reaction line for the enzyme it encodes. The size of 
the circle is proportional to the absolute value of the fold change, the color hue indicates the 
direction of the change (yellow for up, blue for down), and the color saturation is 
proportional to the statistical significance of the change. If a gene’s results failed to meet 
relaxed differential-expression criteria (|fold| ≥ 2, p ≤ 0.05) then it is unchanged and shown 
as a small gray circle. Normally a gene’s results are based on one probe set, but in cases in 
which a gene has multiple Affymetrix probe sets assigned, the probe set with the lowest p-
value is chosen to represent the gene as long as all the probe set changes are in the same 
direction or unchanged. If a gene’s probe sets changed in both directions then the gene is 
shown to be unchanged. 
Supplementary Data 
 A full listing of DE probe sets for all comparisons, the gene set analysis, and a list of 
probe sets included in the pathway analysis are posted on the following website: 
www.public.iastate.edu/~gustavo/labpage_003.htm. 
List of Abbreviations 
2’-IOMT: isoliquiritigenin-2’-O-methyltransferase, 7-IOMT: isoflavone 7-O-
methyltransferase, 4CL: 4-coumarate CoA ligase, 5OQM: 5-O-(4-coumaroyl)-D-quinate-3’-
monooxygenase, ABA: abscisic acid, ANS: anythocyanidin synthase, ASN: asparagine, βG: 
β-glucosidase, C4H: cinnamate 4-hydroxylase, CAD: cinnamoyl alcohol dehydrogenase, 
CCOMT: caffeoyl-CoA O-methyltransferase, CCR: cinnamoyl-CoA reductase, CHI: 
chalcone isomerase, CHR: chalcone reductase, CHS: chalcone synthase, COMT: caffeate O-
methyltransferase, D6M: 3,9-dihydroxypterocarpan 6a-monooxygenase, DE: differentially-
expressed, DFR: dihydroflavonol reductase, ET: ethylene, F3’H: flavonoid 3’-hydroxylase, 
F3H: flavanone 3-hydroxylase, FDR: false discovery rate, FLS: flavonol synthase, FNS: 
flavone synthase, G4DT: trihydroxypterocarpan dimethylallyltransferase, GLYS: glyceollin 
synthase, HID: 2-hydroxyisoflavanone dehydratase, HR: hypersensitive response, I2’H: 
isoflavone 2’-hydroxylase, ICS: isochorismate synthase, IFR: isoflavone reductase, IFS: 2-
hydroxyisoflavanone synthase, IGT: isoflavonoid glycosyltransferase, IMT: isoflavonoid 
malonyltransferase, ISR: induced systemic resistance, JA: jasmonic acid, PAL: phenylalanine 
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ammonia-lyase, PR: pathogenesis-related, PTS: pterocarpan synthase, qPCR: quantitative 
real-time polymerase chain reaction, R: soybean aphid-resistant, S: soybean aphid-
susceptible, SA: salicylic acid, SOHCT: shikimate O-hydroxycinnamoyltransferase, UFGT: 
anythocyanidin 3-O-glucosyltransferase, VOC: volatile organic compound 
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Supplemental Table 2.  PCR primer sequences. The sequences shown below were used for the PCR work in this chapter. In some cases genes had 
multiple primer sets; one for RT-PCR and another for qPCR. 
 





Gma.11753.1.S1_at Glyma15g34720 Isoflavonoid glycosyltransferase GATGCTGCTAAGAAAGCTATTCA TTTAGAATCACAGTGCTATGTCC 166 qPCR 
Gma.12045.1.S1_at Glyma18g06840 Asparagine synthetase 1 GTAGTTTATCCAGGGAATGGTATA AAAATAAAGACAAGATGTGGATGG 90 qPCR 
Gma.13352.1.S1_at Glyma18g43650 Ferritin-1 AACAATGACCCTCAAATG GAAGACTAATAATAAGGCTATTC 195 qPCR 
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CHAPTER 4.  PHYTOHORMONE PATHWAY ANALYSIS 
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Phytohormone signaling pathway analysis tool for comparing hormone responses in plant 
defense interactions 
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Introduction 
Plant hormones are involved in almost every aspect of plant development and 
responses to biotic and abiotic stresses. Phytohormones trigger signaling cascades that can 
result in the production of secondary metabolites, metabolic changes, or physiological 
changes. These hormones may act alone for certain functions, such as ethylene controlling 
fruit ripening, or multiple hormones can act in concert to effect a change in the plant. The 
three major phytohormones responsible for mediating defense responses to pests and 
pathogens are jasmonic acid (JA), ethylene (ET), and salicylic acid (SA) [182, 183]. When 
plants successfully repel attacks, the defense hormone is induced upon attack and it mediates 
and effective response that involves production of antibiotic compounds, production of 
volatiles emitted to attract predators of the attacker or discourage further attacks, 
programmed cell death to deprive the invader of nutrients, or other defensive changes. Plant 
defense responses are often categorized based on the effective phytohormone. One major 
goal of our studies of the soybean plant’s response to aphid infestation is to determine the 
phytohormone that mediates the effective defense against the soybean aphid, A. glycines.  
Decades of plant defense research has provided many examples of effective defense 
hormones for a multitude of plants. The oxylipin JA is possibly the most prevalent defense 
hormone implicated in responses to insects, including aphids, and other invertebrate 
herbivores in Arabidopsis and other plants (reviewed in [33]). ET is best known for its role in 
fruit ripening, but it is also often induced as part of defense responses. In soybean, a study of 
ethylene-insensitive mutants indicated that ET might be effective against the pathogenic 
fungi Septoria glycines and Rhizoctonia solani [39]. The phenolic SA is the most prevalent 
defense hormone in interactions with biotrophic pathogens and often induces the expression 
of pathogenesis-related (PR) proteins (reviewed in [40]). SA is involved in gene-for-gene 
resistance, which includes a form of programmed cell death known as the hypersensitive 
response (HR). HR effectively deprives biotrophic pathogens of nutrients by killing the plant 
tissue surrounding the site of infection.  
In addition to ET, JA and SA, other hormones also participate in the coordination of 
defense responses. Abscisic acid (ABA) is the dominant phytohormone in abiotic stress 
responses, but recent work shows that it is also active in defense (reviewed in [41]). There 
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are also many examples of interactions among these phytohormones (reviewed in [42]). ET 
and JA work in concert to enhance defenses in a phenomenon called induced systemic 
resistance (ISR) [43], while SA and JA signaling are antagonistic in Arabidopsis (reviewed in 
[44]). In addition, ABA is able to suppress SA biosynthesis in soybeans [47] and SA 
defenses in tomato [48].  
Interestingly, pests have evolved mechanisms to take advantage of the hormone 
crosstalk that controls plant defenses [184]. Some virulent pathogens can produce plant 
hormones or hormone analogs, presumably to manipulate plant signaling to induce an 
ineffective decoy response that suppresses the effective defense response. The most well-
studied hormone mimicry strategy is the production of coronatine by some strains of 
Pseudomonas syringae. Coronatine is an active analog of JA, and by producing this 
compound bacteria induce a JA response that inhibits SA signaling and SA-mediated 
defenses [185], which are the effective defense against P. syringae [49-51]. Other P. 
syringae strains that infect soybean can produce ET, and bacteria mutants that cannot 
produce ET are less virulent [52], probably because ET can interfere with the production of 
an effective SA response.  
Measurement of hormone levels is the most direct method of studying hormone 
induction, however it does not indicate if the signaling events triggered by hormone 
accumulation are active. Among the methods used to study and verify the induction of 
phytohormone signaling, marker genes, whose transcripts are normally induced by only one 
hormone, have been very useful. Examples include ATAF1 [113] for ABA, ACC oxidase 
[114] for ET, JAR1 [115] for JA, and EDS1 [116] for SA. Verification of the role of a 
particular hormone in the production of effective defense can be obtained by exogenously 
applying the hormone to the plant prior to or during the attack of the pest or pathogen. 
Treated plant should show increased resistance to the pest or pathogen. Exogenous hormone 
application can be difficult, however; too little hormone may not have an effect while too 
much might be toxic to the plant (reviewed in [186]). 
We are interested in identifying the signaling mechanisms that control the 
transcriptional response of soybean plants to aphid infestation. We previously characterized 
the aphid-induced changes in the soybean transcriptome at 1, 7 and 21 days after infestation 
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using microarrays. These data will serve as the starting point to identify and quantify the 
contribution of different hormones to soybean defense against aphids using a bioinformatic 
approach. Although many phytohormone signaling pathways have been elucidated in model 
organisms such as Arabidopsis, the network is much less clear in non-model organisms like 
soybean. Soybean genes are often annotated based on their homology to Arabidopsis genes 
and often gene function is conserved between the two species. Arabidopsis researchers can 
use the “HORMONOMETER” tool to determine hormone activity in transcript studies [187]. 
However, soybean hormone pathways aren’t necessarily the same as the pathways in 
Arabidopsis so the HORMONOMETER probably wouldn’t work well for soybean transcript 
studies. Soybean plants are phylogenetically closer to the model legume Medicago truncatula 
than to Arabidopsis, thus annotations from homologous M. truncatula genes are more 
reliable than annotations from Arabidopsis. Since the sequence of the soybean genome was 
only recently finished [99], the annotation of  the 46,000+ protein-coding genes in this 
genome is still ongoing.  
Our comprehensive pathway analysis will consider all annotated genes associated 
with ABA, JA, ET, and SA, including receptors, regulators, biosynthesis genes, catabolism 
genes, and response genes. For each hormone, the microarray results for the set of genes will 
be used to produce a score that indicates how much the whole hormone pathway is affected 
by the pest. This score can then be used to compare different hormones and determine which 
hormones are more relevant in each given treatment and time point. We expect that these 
comparisons will lead us to the hormone(s) mediating the effective defense against soybean 
aphids and shed light on hormones involved in Asian soybean rust and soybean cyst 
nematode responses. This approach of using gene sets will provide a broader look at 
signaling changes compared to individual marker genes and it will be less affected by 
annotation errors than a method relying on individual genes. 
Method 
Pathway Genes 
Initially we referred to scientific literature reviews [40, 130, 188-191] to determine 
soybean genes associated with the ET, ABA, JA and SA pathways and split them into as the 
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following categories: biosynthesis, catabolism, receptors, regulators, signaling, and response. 
Annotations for probe sets in the Affymetrix GeneChip® Soybean Genome Array were 
downloaded from the Soybean Breeder’s Toolbox SoyChip Annotations (www.soybase.org). 
These annotations provided us with Arabidopsis homologs, Gene Ontology (GO, 
www.geneontology.org) biological processes, and homologs from other plant species. The 
Arabidopsis homologs were helpful because the hormone signaling pathways in this model 
plant species have been extensively studied. GO biological processes were also used to 
identify hormone-associated genes. Below is a list of GO biological process names that were 
queried. The “<pathway>” word is a wildcard representing the pathway name (e.g. abscisic 
acid) and the pathway role is in parentheses: 
• “detection of <pathway> stimulus” (GO receptors) 
• “<pathway> biosynthetic process” (GO biosynthesis) 
• “<pathway> catabolic process” (GO catabolism) 
• “<pathway> metabolic signaling” (GO signalling) 
• “regulation of <pathway> mediated signaling” (GO regulator) 
• “response to <pathway> stimulus” (GO response) 
After finding relevant genes from the literature review, soybean genes homologous to 
pathway-related Arabidopsis genes, and GO biological process annotations, total numbers of 
pathway-associated soybean genes were: ABA 231, ET 161, JA 210, SA 140. Each gene was 
assigned a positive or negative correlation to account for catabolic enzymes and certain 
negative regulators.  
Role Weights 
The roles were weighted to put more emphasis on pathway genes with roles 
considered more important in determining pathway induction/suppression. Roles with genes 
assigned manually based on literature were given a default weight of 1.5, which is 50% more 
than the default weight (1.0) given to roles with genes assigned based on GO annotations.  
The justification for this difference is that we assumed that the literature was more reliable 
than GO annotations. In addition, Response and GO Response roles were given weights 
higher than the default because by definition response genes indicate that the hormone 
changes have resulted in a transcriptional response. The weights of Catabolism and GO 
Catabolism roles were less than the default because although catabolism genes result in lower 
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hormone levels, they also may be induced by the hormone. Therefore it is difficult to 
quantify the effect of transcript changes for catabolism genes in terms of hormone induction. 
Table 8 lists all the role weights we used for the pathway analysis.  
Table 8.  Weighting of different roles in hormone pathways. Genes associated with phytohormones have 
different roles including biosynthesis, response, regulation, etc. Each role was assigned a weight indicating its 
relative importance in determining the induction or suppression of the hormone. Also, the roles with the “GO” 
prefix are for soybean genes that were included based on Gene Ontology biological process annotations and not 








GO Biosynthesis 1.0 
GO Catabolism 0.5 
GO Receptor 1.0 
GO Regulator 1.0 
GO Response 1.5 
GO Signalling 1.0 
 
Hormone Pathway Score 
The pathway score indicates overall induction or suppression of a hormone for a 
given experiment and comparison, and it is calculated using microarray fold changes and q-
values for pathway-associated transcripts. A single pathway score is calculated for each 
pathway and comparison (e.g. ABA in the day 1 susceptible response in soybean aphid 
experiment). The scores from different pathways can be compared to determine the 
predominant pathways in the comparison. The procedure for calculating the hormone 
pathway score is described below. 
Significance Filter 
 The first step in score determination is to filter out transcripts that do not meet 
differential expression criteria. For a given comparison, transcripts must have an absolute 
fold change ≥ 1.20 and a q-value ≤ 0.20 to be considered. We used cutoffs that are more 
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relaxed than our usual differential expression cutoffs for individual genes because 
significance and fold change are taken into account later in the scoring calculation and we 
did not want to ignore transcripts that barely missed the cutoffs. 
Fold Change Conversion 
 Next, the fold change values were converted to log2 differences to simplify the 
calculation. 
Converting Probe sets to Genes 
 Probe sets (from Affymetrix GeneChip® Soybean Genome Arrays) do not 
necessarily have a one-to-one relationships with soybean genes. In situations in which 
multiple probe sets corresponded to the same gene, the  microarray results for all probe sets 
were averaged to obtain one value per gene. If a probe set was not assigned to any gene then 
it was treated as a separate unique gene. The reason for this conversion was to avoid over-
weighting genes because of probe redundancy in the array.  
Role Score 
 A role score summarizing all the gene results in a particular pathway and role (e.g. 
ABA biosynthesis) is calculated by the following steps: 
1. For genes that have a negative correlation, multiply the log2 difference times -1. 
2. Transform the log2 differences based on significance (corresponding q-values): 
a. For positive log2 differences:  diff*  =  diff  +  log2(1 – q); diff* ≥  0 
b. For negative log2 differences:  diff*  =  diff  – log2(1 – q); diff* ≤  0 
3. Sum up the transformed log2 differences and divide by the number of soybean genes 
to determine the role score. This score is now “per gene” to make it easier to compare 
scores among hormones that have differing degrees of signaling pathway elucidation. 
Comparison Score 
 The role scores are used to calculate the final pathway score for the comparison using 
the following steps: 
1. For each role, divide the role weight by the sum of the weights of all represented roles 
to determine the adjusted role weight. This is necessary because not all roles have 
assigned genes and we don’t want to equate “lack of knowledge” with “no change”.  
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2. Multiply each role score times the adjusted role weight to determine the adjusted role 
score. 
3. The pathway score for a comparison is the sum of the adjusted role scores multiplied 
times 100. 
Variations of Pathway Scores 
In addition to the scoring described above, we developed some variations such as 
absolute value scoring, experiment scores, role filtering, and gene marking scoring. These are 
described below: 
• Absolute value scoring: Use the absolute values of the fold changes from the 
microarray and always use a positive correlation 
• Experiment score: Summarize the whole experiment by taking the average of the 
absolute values of the comparison scores 
• Role filtering: Only consider certain roles. For example, in Figure 15 the middle 
third shows the “Biosynthesis” scores 
• Gene marker scoring: Only consider one gene (e.g. ABA gene marker ATAF1). The 
right-most third of results figure (e.g. Figure 16) shows gene marker scores 
Brief Example 
In order to understand the scoring, consider a simple, unrealistic example in which all 
the genes (i.e. all probe sets) in a comparison showed a two-fold induction for a particular 
pathway. Also, the q-values for all the changes are near zero. In this example the pathway 
score = +100. 
Results of Analyses 
 The pathway analysis was applied to data from our soybean aphid experiments that 
include 1- 7- and 21- day of infestation (Figs. 7, 15), to the 1- and 7-day time points from an 
Asian soybean rust (ASR, Phakopsora pachyrhizi) experiment [67], and to the 2-, 5-, and 10-
day time points from a soybean cyst nematode (SCN, Heterodera glycines) experiment [68]. 
All of these experiments used Affymetrix’s GeneChip Soybean Genome Arrays and they all 
were subject to the same statistical analysis for this pathway study (described in Chapter 2). 
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Hormone Signaling in Response to Soybean Aphids 
 We used three comparisons to analyze different aspects of the soybean’s response to 
aphids: the susceptible response is the difference between infested and uninfested S plants, 
the resistance response compares infested and uninfested R plants, and the genetic 
differences indicate differences in uninfested R and uninfested S plants. In response to 
soybean aphid infestation, our analysis revealed an interested susceptible response. SA was 
the dominant phytohormone at Day 1 and Day 21, while ABA was strongly induced at the 
Day 7 time point. The marker genes for ABA and SA agreed with the overall findings except 
that the ABA marker gene was induced on Day 21 while overall ABA was suppressed 
because of strong activity of ABA catabolism genes. The difference between infested and 
uninfested resistant plants was nonexistent for all three time points. The genetic differences 
were dominated by SA on Day 1, by ABA on Day 7, and very weak on Day 21. 
Hormone Signaling in Response to ASR 
According to van de Mortel et al. [67], soybean plants exhibited a biphasic response 
to ASR infection, which consisted of an initial response phase that was complete by the 24-
hour time point and second response phase that begin at 72 hours in the rust-resistant plant 
and 96 hours in the rust-susceptible plant. For our analysis we only used the 24-hour and 
168-hour time points from this experiment because those matched up with time points in our 
soybean aphid experiment. Unfortunately the 24-hour time point in the ASR experiment 
came during a time when the responses to ASR were negligible, so the susceptible and 
resistance response scores were zero at that time point. At 168 hours, during the second 
phase, SA appeared to be the main regulator of ASR defense in both genotypes (Fig. 16). In 
the resistant plant, ET and JA were induced at about half the SA induction level, while ABA 
was only weakly induced. In the susceptible plant the only notable result was weak induction 
of SA.  
 There were transcriptional differences between the mock-treated resistant and mock-
treated susceptible plants: 259 and 331 DE transcripts for the 24- and 168-hour time points, 
respectively. Approximately one-third (116) of those transcripts were DE in both time points. 
JA appeared to be constitutively suppressed and SA may have been weakly suppressed in 
uninfected resistant plants versus uninfected susceptible plants (Fig. 16). 
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Figure 16.  Notable hormone pathway scores for the ASR experiment. Induction and suppression of 
signaling for the hormones abscisic acid (ABA), ethylene (ET), jasmonic acid (JA), and salicylic acid (SA) is 
shown for both time points (24 and 168 hours) for the following four comparisons: the susceptible response  
(Susc), the resistance response (Res), and the genetic differences (Gen). A three-color scale was used to 
highlight the scores: blue for negative (suppression), white for no change, and yellow for positive (induction). 
 
Hormone Signaling in Response to SCN 
 In Ithal et al. [68], transcripts from syncytial cells of SCN-infected soybean roots 
were compared to uninfected root tissue at 2, 5, and 10 days post-inoculation. Their results 
included induction of cell wall rigidification and suppression of JA and other defense-related 
transcripts. Our hormone pathway analysis (shown in Figure 17) using their data agrees with 
their interpretation. There appeared to be a large induction of SA biosynthesis genes on Day 
2, but that was actually induction of phenylalanine ammonia-lyase 1 (PAL1), which is also 
important in induction of the lignin biosynthesis pathway. Since SA response and signaling 
genes were not induced, the PAL1 induction was probably directed towards lignification and 
cell wall rigidification, not SA biosynthesis. On Day 2 JA was suppressed and in the later 
time points all four hormones were suppressed, especially ET and JA. This occurs in a 
compatible interaction so it is likely that the SCN effectively employed a strategy of 
widespread suppression of defense-related transcripts. 
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Figure 17.  Hormone pathway scores for the SCN experiment. Induction and suppression of hormone 
signaling for the hormones abscisic acid (ABA), ethylene (ET), jasmonic acid (JA), and salicylic acid (SA) is 
shown for all three time points. A three-color scale was used to highlight the scores: blue for negative 
(suppression), white for no change, and yellow for positive (induction). 
Discussion 
 This phytohormone pathway analysis enabled us to determine hormone signaling 
changes in soybean in response to soybean aphids (Chapters 2, 3), ASR, and SCN. Prior to 
this analysis, it seemed unlikely that SA would be involved in aphid defense because JA is 
most often associated with defense against herbivory and we saw very few upregulated SA-
associated genes in our individual gene analysis. However, after this analysis, we 
hypothesize that SA mediates the effective defense against aphids.  
 When interpreting the results for the response to aphids, the following assumptions 
were made: the susceptible response could show either the effective defense or a decoy 
defense; the resistance response and pest response would show the effective defense; and the 
genetic differences from Day 1, either the result of constitutive defenses or differential 
response to priming, would also define effective defense. With these criteria, it appears that 
SA regulates the induction of effective defense against the soybean aphid, since it is 
consistently higher in resistant plants as reflected by the genetic differences and pest 
response. The strong induction of the ABA pathway in the susceptible response could be 
interpreted as a decoy response that favors aphid colonization, especially given that ABA 
suppresses the SA response in soybeans [47]. It appears that at first susceptible soybean 
plants initiate an effective defense response (slight induction Day 1 SA response), but it is 
not fully deployed before the decoy response is established (strong Day 7 ABA induction). 
 Although our three time points (1, 7, and 21 days of infestation) were probably too 
late to reveal a resistance response, Li et al. [74] observed a SA-related resistance response in 
earlier time points (6 and 12 hours after infestation). Furthermore, the lack of any ABA 
  93 
   
  
response in infected resistant plants support the hypothesis that SA is responsible for the 
deployment of effective defenses and ABA is a decoy.  
 ET and JA had high scores in the genetic differences for Day 1, but this could be the 
result of their involvement in induced systemic resistance (ISR), which enhances defensive 
readiness against a broad range of pests and pathogens [43]. The induction of JA seen in the 
Day 7 susceptible response could be a combination of ISR and the suppression of SA, which 
is antagonistic to JA.  
 The ASR results were less clear, but they indicate that SA is more involved in the 
effective defense than the other hormones. The constitutive suppression of JA transcripts in 
ASR-resistant plants compared to ASR-susceptible plants would support a hypothesis of SA-
mediated defense against ASR because of JA-SA antagonism, but SA appeared to be weakly 
suppressed as well. An analysis of earlier time points would be helpful in discerning the 
effective defense against ASR. In other studies involving different species of rust fungus (not 
P. pachyrhizi) on pearl millet [192], wheat [193], and broad bean [194], SA has been shown 
to mediate an effective defense response. In a non-host resistance study of response to ASR 
in Arabidopsis, both SA and JA were shown to be involved in defense [195]. However, the 
authors speculated that JA might have been a decoy response initiated by ASR to help 
establish the infection [195].  
The SCN results are in agreement with previous studies showing that JA and ET are 
downregulated while cell wall-related transcripts are upregulated [68, 69]. It is difficult to 
determine the hormone that mediates the effective defense response to SCN based on this 
experiment involving a compatible interaction in which the suppression of defense-related 
transcripts is widespread. If we assume that SCN has a stronger suppressive effect on the 
hormone pathways that control effective defenses, then we would hypothesize that JA and/or 
ET are the most likely candidates. However, Arabidopsis mutants with enhanced ET 
response are hypersusceptible to the sugar beet cyst nematode (Heterodera schachtii) [196], 
thus it is possible that the repression of the ET pathway is part of an effective defense in 
soybean. The hormone pathway analysis was useful in showing the large-scale suppression, 
however it did give a deceivingly high score for SA on Day 2.  
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 Overall this hormone pathway analysis is useful as a tool to determine induction and 
suppression in phytohormone signaling transcripts in soybean defense interactions. It proved 
to be a helpful bioinformatics tool to develop a hypothesis on the role of SA as effective 
defense hormone against the soybean aphid. Analysis of other soybean-pest interactions that 
are better characterized provided results in accordance with previous hypotheses. Improved 
soybean gene annotations and soybean defense network elucidation should allow the 
improvement and refining of this tool. A next step in the verification of this tool will be the 
direct measurement of hormone production and exogenous hormone application experiments 
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CHAPTER 5.  CONCLUSIONS 
 Our soybean aphid transcriptional profiling experiments, in conjunction with other 
soybean aphid experiments have presented evidence of an effective defense response against 
soybean aphids controlled probably by salicylic acid. Our research provided details of the 
susceptible and resistance responses, and suggested that the phenomenon of airborne priming 
may be relevant in the soybean aphid-soybean interaction. 
Defense hormone 
 We propose that salicylic acid (SA) mediates the effective defense response of 
soybean plants to soybean aphid colonization. First, resistant soybean plants react to aphid 
infestation quickly with induction of SA-related transcripts, mostly at 6 and 12 hours after 
the application of aphids, according to cDNA microarrays from Li et al. [74] Second, 
susceptible soybean plants react much slower, but eventually they also deploy a SA-related 
defense (Chapters 2-4). Third, according to our own analysis (Chapter 2) and other research 
[74], the response to aphid infestation in soybeans has significant commonalities to the 
incompatible response to Pseudomonas syringae, a pathogen known to be controlled by a 
SA-related hypersensitive response [49-51]. Fourth, at least one effective SA-derived 
compound, methyl salicylate, is used by soybean plants as a volatile emitted to attract aphid 
predators [27]. Fifth, it appears that when resistant plants are primed against aphid attack 
they mobilize SA more than other hormones. Finally, SA is the most common plant hormone 
in defense against biotrophic attackers such as aphids. The role of other hormones like JA, 
ET, and especially ABA, do not seem to correlate with the establishment of effective defense 
against soybean aphids. 
Resistance Response to Aphid Infestation 
 According to the Day 1, 7, and 21 time points in our experiments, there is no 
transcriptional response to aphid infestation in resistant plants, save for one unknown protein 
induced at Day 7. However, Li et al. [74] studied earlier time points and found that the 
resistance response peaks, with some SA-related transcripts including PR1a, at 6 hours post-
application. Although there is no transcriptional response at the later time points, the resistant 
plants are clearly defending themselves against the aphids much more effectively than 
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susceptible plants. This observation could be explained by the existence of constitutive 
resistance, meaning that both infested and uninfested resistant plants have active defenses 
against aphids. Alternatively, the single dominant resistance gene Rag1 might enable 
resistant plants to quickly recognize aphid attack and also recognize airborne priming due to 
aphid infestation in nearby plants. This differential response to priming could enable 
uninfested resistant plants to induce the same defense transcripts as infested plants, and also 
enable infested plants to avoid the ABA decoy. Overall, Rag1 resistance does not completely 
eliminate soybean aphid population growth, but it usually keeps the population below injury 
thresholds for yield loss [16]. 
Susceptible Response to Aphid Infestation 
 The transcriptional response of our aphid-susceptible variety to infestation did not 
peak until seven days post-application, much slower than the 6-hour peak found in resistant 
plants. Even after three weeks of infestation, more than 1% of the soybean genes found in our 
arrays were differentially-expressed, thus the response is strong for an extended period of 
time. At one and twenty-one days post-application SA is the dominant hormone signal, but at 
seven days post-application ABA is the most prevalent hormone and we propose that it 
suppresses the effective SA response.  
The massive induction of ABA-related transcripts at Day 7 appears to be a decoy 
defense. No such induction is observed in resistant plants, and it is known that ABA 
suppresses SA production by reducing phenylalanine ammonia-lyase activity and mRNA 
accumulation [47]. If this ABA response is indeed induced by the aphids, then we would 
expect to see consistent induction of transcription factors that roughly correlates with the 
number of aphids. Such a correlation would either show that each aphid is doing its part in 
ABA induction, or it could be a result of a local response in the plant to each aphid. If we do 
not see a correlation with aphid counts then it’s more likely a systemic response in the plant 
and unlikely to be an aphid-induced phenomenon. Table 9 lists candidate transcripts that 
show consistent induction correlating with aphid counts. The aphid effect in the table comes 
from our statistical model and it is equivalent to a log2 difference, i.e. an increase of one 
would equate to a two-fold increase in transcript level. This aphid effect is already 
normalized based on the log10 of the aphid count, so if there were a perfect correlation we 
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would expect to see the same aphid effect value for all three time points. Whether this ABA 
production is directly induced by elicitors present in aphid saliva, or whether it is the result of 
a real abiotic stress condition produced by high number of aphids needs to be analyzed in 
future work. However, the fact that many of the transcription factors identified are also 
quickly induced by cold temperatures (e.g. SCOF-1, GmDREB3) might suggest that aphids 
can produce signals that hijack the cold response to suppress effective defenses.  
At one and twenty-one days post-application the production of isoflavonoids is 
induced. At the twenty-one day time point the storage of isoflavones is strongly suppressed, 
and it is possible that this contributes to production of an isoflavonoid-derived defense 
compound effective against soybean aphids. Although we have not done any metabolomic 
studies related to isoflavonoids and aphids, there is evidence to suggest that isoflavonoids 
could be effective against insects [160, 161].  
In a possible example of metabolic hijacking, asparagine synthetase is induced at 
seven and twenty-one days post-application, which could lead to higher nitrogen content in 
the phloem sap and improved nutrition for the aphid. The downregulation of an amino acid 
permease in the twenty-one day time point could also contribute to this effect. Although we 
do not have phloem composition data from our experiment, past studies have shown that the 
free amino acid composition of leaves of this same soybean cultivar (SD01-76R) changes 
during aphid infestation [124]. It would be clearly be beneficial for the aphid to induce these 
changes, as ASN has been positively correlated with aphid performance [72, 73]. 
It is likely that there are other effective biochemical defenses that were not apparent 
from our susceptible plants’ transcriptional response. The induction of a gene silencing 
regulator (rgs-CaM) on Days 1 and 7 may be evidence that small RNAs play a role in 
defense against aphids. If soybean aphids implemented a strategy to suppress small RNAs, 
that might cause the suppression of an effective JA defense, based on small RNA studies in 
tobacco [119, 120] and an rgs-CaM study [121]. 
Figure 18 shows our working hypothesis for major interactions of the soybean aphid 
with susceptible soybean plants. We speculate that there are isoflavonoid-derived aphid 
defense compounds, that the aphid “intentionally” induces the ABA response and asparagine 
synthetase, and that asparagine synthetase induction results in more nutritious phloem sap. 
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Table 9.  Candidate transcripts induced by aphids to activate decoy ABA response. These transcripts are consistently induced at all three time points (1, 
7, and 21 days of aphid infestation) based on the aphid effect term in the statistical model. The aphid effect values are equivalent to log2 differences so an 
increase of one equates to a two-fold increase. The Aphid Effect is normalized based on the log10 of the aphid count.  
 
Probe Set Gene Annotation Aphid Effect 
Day 1 Day 7 Day 21 
Gma.17736.1.S1_at Glyma03g33070 C2H2 transcription factor +1.98 +2.13 +1.32 
GmaAffx.84921.1.S1_at Glyma09g08330 GmDREB3 +1.86 +2.23 +1.07 
GmaAffx.72063.1.S1_at No Annotation Salt responsive protein 2 +1.11 +1.86 +1.29 
GmaAffx.85640.1.S1_at No Annotation Salt responsive protein 2 +1.09 +1.58 +1.24 
Gma.235.1.S1_at Glyma17g35430 SCOF-1 +1.44 +1.47 +0.95 
Gma.986.1.S1_at Glyma15g04570 C2H2 transcription factor +1.27 +1.60 +0.96 
GmaAffx.78315.1.S1_at Glyma17g05240 GmDREB3 +1.17 +1.62 +0.99 
Gma.235.1.S1_x_at Glyma17g35430 SCOF-1 +1.29 +1.43 +0.92 
GmaAffx.2689.1.S1_at Glyma11g14580 Zinc finger, RING-type; Thioredoxin-related +1.16 +1.50 +0.89 
GmaAffx.73787.1.S1_at No Annotation Zinc finger, RING-type; Thioredoxin-related +1.15 +1.46 +0.93 
Gma.15724.1.S1_at Glyma11g18460 CCR4-NOT transcription complex protein +1.16 +1.34 +0.98 
GmaAffx.87535.1.S1_at Glyma14g37480 Protein phosphatase 2C +0.91 +1.43 +1.08 
GmaAffx.92932.1.S1_s_at Glyma04g04760 Putative TFIIIA (Or kruppel)-like zinc finger protein +0.87 +1.36 +0.83 
Gma.5642.1.S1_at Glyma12g06460 Zinc finger, RING-type; Thioredoxin-related +1.00 +1.03 +0.93 
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Figure 18.  Working model of interactions between aphids and susceptible plants. We hypothesize that the 
soybean aphid (Aphis glycines) consistently induces certain abiotic stress factors and the effective SA defense, 
which leads to production of isoflavonoid-derived defense compounds. However, by Day 7 the aphid has 
succeeded in inducing a decoy response involving ABA which suppresses the effective SA defense response. 
By Day 21 this decoy has been overcome and the plant resumes its SA defense. The aphid also induces 
asparagine synthetase, which leads to an increase in free asparagine in the phloem sap, thus improving its 
nutritional value to the aphid. In addition, there are likely other effective defense responses besides SA that 
were not apparent from the susceptible plants transcriptional response, and if so, ABA induction might also 
suppress these defenses. In the diagram the effect arrows apply to all three time points (Days 1, 7, and 21) 
unless otherwise noted. Red arrows indicate decoy responses or metabolic hijacking and green arrows show 
effective defense responses.  
Airborne Priming 
 The transcriptional differences found between uninfested susceptible and resistant 
plants (Ch. 2), and even uninfested susceptible plants from different time points (data not 
shown) provides evidence for airborne priming due to aphid infestation of nearby plants. We 
propose that the plants with aphids emitted volatiles that were detected by nearby “control” 
plants. This priming appears to have happened faster in resistant plants than susceptible 
plants based on the genetic differences comparison from the Day 1 and Day 7 time points. By 
Day 21 the priming appears to be either complete or equivalent among genotypes based on 
the few genetic differences in that time point. In the original experiment, uninfested 
susceptible plants from Day 7 were sampled one day after Day 1 plants (the start of aphid 
infestation was different for the two treatments).  Despite the fact that these samples were 
from the same cultivar, same trifoliate leaf of a different plant in the same growth stage 
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without aphids or any visible disease, and collected only twenty-four hours apart, statistical 
modeling revealed that this “time difference” accounted for significant (4-fold or more) 
changes in more than 200 transcripts, many of which were defense-related (data not shown). 
GDSL lipases and lipoxygenases were among the list of affected genes. It was clear from our 
experiments that airborne priming has a significant effect on transcript levels and this effect 
can change dramatically over a twenty-four hour period. Although this priming complicated 
our analysis, we believe that it helped us determine the effective defense against aphids. 
Future Work 
 Follow-up experiments to provide further evidence for the proposed hypotheses 
would include exogenous hormone application experiments, metabolomics studies, and 
experiments with other soybean cultivars and aphid biotypes. Exogenous SA pre-treatment of 
susceptible plants might help establish SA as the effective defense hormone if this treatment 
adversely affected aphid population growth. On the other hand, exogenous ABA treatment of 
resistant plants would provide evidence for the decoy defense if this treatment made resistant 
plants more susceptible. Metabolomics studies of hormone levels, isoflavonoids, amino 
acids, and lipids would help solidify our hypotheses based on the transcriptional data. Also, a 
wide range of cultivars and aphid biotypes must be studied in order for our conclusions to 
universally apply to soybean defense against soybean aphids. Finally, future experiments 
must account for airborne priming in their design, whether this means collection of “day 0” 
samples prior to aphid infestation, or keeping infested and uninfested plants in separate 
growth chambers. 
Project Goals 
Specific objectives from my preliminary proposal are listed below: 
1. Determine the molecular basis for the soybean plant’s defense response to aphid 
infestation based on leaf gene expression and fatty acid analysis 
2. Characterize the important molecular aspects of soybean resistance to aphids based 
on leaf gene expression and fatty acid analysis 
3. Identify examples of metabolic hijacking by the soybean aphid through leaf gene 
expression and fatty acid analysis 
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4. Identify possible biotechnology solutions to increase soybean resistance to aphid 
infestation 
 
I made progress in the first three objectives; although the fatty acid analyses were eventually 
carried out by another lab member and only the methods development is included in this 
thesis. The lack of a resistant transcriptional response made it difficult to characterize 
molecular aspects of resistance to aphids, but the discovery of constitutive resistance is very 
important. For possible biotechnology solutions, I can offer a few ideas. If the isoflavonoid-
derived defense compound were identified, its production could be constitutively increased. 
Also, knocking out the asparagine synthetase 1 gene could prevent the aphid from increasing 
the nitrogen content in the phloem sap. There are other asparagine synthetase genes, none of 
which were induced by aphid infestation. These possible solutions would have positive and 
negative effects on many biological processes in the soybean plant, but they are best I can 
offer based on my work. Overall, I am satisfied with my research and I feel that I have 
successfully utilized my scientific and computational skills to provide significant insight into 
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APPENDIX A.  RAG1 RESISTANCE 
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The soybean cyst nematode (SCN), Heterodera glycines, is the main soybean 
(Glycine max) pest in the U.S. [197]; in addition, root knot nematodes (RKN), Meloidogyne 
spp., also cause important yield losses, particularly in the south. Currently, the most feasible 
option for nematode management is the use of resistant soybean cultivars; however only a 
few different sources of resistance have been identified and introduced in commercial 
varieties [197]. This can lead to the evolution of new nematode types that can overcome the 
plant’s resistant trait. 
 Another important pest of soybean that has only recently been found in the U.S. is the 
soybean aphid (SBA), Aphis glycines. SBA also causes decreases in yield, which can reach 
up to 40% if untreated. Aphid management relies on the use of insecticides, although 
soybean resistant varieties are currently being tested and should be commercially available 
soon. Among the different sources of resistance to SBA, the one present in the Dowling 
cultivar is the best characterized so far [81]. This resistance is controlled by Rag1, a single 
dominant gene that produces a strong antibiosis-type aphid resistance. Although this gene has 
not been cloned, it has been suggested that it could belong to the NBS-LRR type of 
resistance genes [74]. 
 Plant resistance to aphids is poorly understood; the only cloned and well 
characterized gene controlling aphid resistance is Mi-1.2, a tomato gene that confers 
resistance not only to aphids but also to nematodes [77]. Mi-1.2 also belongs to the NBS-
LRR family and functions as a single dominant gene. Based on these similarities between 
Mi-1.2 and Rag1, it can be hypothesized that Rag1 could also provide resistance to 
nematodes. Thus, we decided to test the effect of Rag1 on nematode infections in soybean 
plants. To this end, we analyzed the susceptibility to SCN and RKN of two related lines, 
LD16060 and SD01-76R, that carry the Rag1 gene or no resistance gene respectively 
(provided by Dr. Brian Diers, University of Illinois). 
 For SCN, nematode eggs were mixed with soil before soybean planting in a 
greenhouse experiment. Forty five days after germination, plants were collected and the 
number of females in each plant was quantified. The soybean line Jack was used as 
nematode-resistant control and Kenwood 94 as a nematode-susceptible control. Figure 19A 
shows that the presence of Rag1 did not significantly affect the susceptibility to SCN. A 
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similar experiment was carried out for RKN, using Meloidogyne incognita as pest. In this 
case two tomato varieties, susceptible or resistant to RKN, were used as control. Again, 
plants with or without Rag1 show no significant difference in the number of nematodes in 
roots (Figure 19B). To confirm that Rag1 provided efficient protection against SBA in the 
line tested, we performed a non-choice greenhouse experiment. As expected, the line 
carrying Rag1 was very poorly colonized by SBA, while the susceptible line accumulated 
SBA in high numbers (Figure 20); thus verifying that Rag1 provides strong antibiosis-type 
resistance against SBA. 
 Our results suggest that Rag1 will not be useful as protection against nematodes, 
although it provides good protection against SBA. However, we cannot discard other effects 
of Rag1 when both nematodes and SBA are present on the plant simultaneously. Our results 
also suggest that Rag1 confers resistance to SBA by a mechanism that differs from that of 
Mi-1.2. Thus, it will be important to dissect such mechanism to understand soybean 
resistance to SBA. 
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 Figure 19.  Effect of Rag1 on nematode infections.
After 45 days plants were collected and SCN females were extracted from roots and counted.  Kenwood 94 and 
Jack were used as susceptible and resistant control respectively. Ten plants of each line were used
experiment was repeated three times. A representative experiment is shown. 
infected soil. After 45 days plants were collected, roots were stained and knots were quantified. RKN 
susceptible (early girl hybrid) and resis
of each line were used, and the experiment was repeated three times. A representative experiment is shown. (P> 
0.05). * Data were normalized by root volume.
 
 A) Soybean plants were sowed on SCN infected soil. 
B) Plants were sowed on RKN 
tant (beefmaster hybrid) tomato plants were used as controls. Ten plants 
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, and the 
 Figure 20.  Effect of Rag1 on soybean aphid infestation.
aphids were placed on the central leaflet of the V2 leaf, and plants were covered with nets. The number of 
aphids on each plant was quantified at 1, 7 and 21 days after infestation. Ten plants of each line were used, and 
the experiment was repeated three times. A representative experiment is shown. *= statisti
between lines (p ≤ 0.005). 
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APPENDIX B.  STATISTICAL ANALYSIS OF MICROARRAY DATA 
Overview 
The following is a description of the statistical analysis of data from Affymetrix 
GeneChip® Soybean Genome Arrays for the Soybean Aphid Microarray Experiments 
(Chapters 2 and 3). Hypothesis testing, clustering, gene set analysis, qPCR quantification, 
and comparisons to other experiments are described here. R statistical software (version 
2.6.2) was the main platform used to implement the statistical methods. 
Normalization 
Normalization is essential to get robust gene expression values that can be compared 
across microarrays and to eliminate non-biological differences. For Affymetrix arrays, 
normalization also includes a method for probe set summarization. In addition, for this 
analysis, normalization also included some steps that might be referred to as ‘pre-processing’ 
including: background subtraction, filtration, and transformation. These steps are naturally 
included in all the normalization algorithms mentioned here. After the microarrays were 
processed the resulting raw data is “CEL” files (raw intensities) which are then normalized. 
Summary of Algorithms 
Many algorithms are available to normalize microarray data. Here is a list of a few 
popular algorithms: 
• MAS: Affymetrix standard normalization [198] 
• RMA: Robust multi-array average; much lower variance than MAS [138] 
• GCRMA: Similar to RMA but with probe-specific background correction; AffyComp, 
a web tool used to compare different microarray preprocessing methods, revealed that 
GCRMA was better than MAS or RMA; Because of technical difficulties with 
sequence affinity functionality, the probe sequence information is not being used; the 
mismatch is the background; this is probably very similar to RMA [137, 139, 199] 
Conclusion 
GCRMA was chosen as our normalization method because it has a good balance of 
precision and accuracy [199]. 
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Transcript Filtering 
The Affymetrix Soybean Genome array has a total of 61,170 probe sets, most from 
soybean (~37,500) and the rest from pathogenic organisms: Phytophthora sojae (water mold, 
~16,000 probe sets) and Heterodera glycines (soybean cyst nematode, ~7,500 probe sets). 
Only soybean probe sets (identified with the prefix “Gm” in the probe set name) were 
retained. This filtering resulted in 37,653 probe sets for soybean transcripts. 
Statistical Modeling 
After transcript filtering, a detailed mixed linear model was created for each time 
point. A separate model was created for each time point because treatments from different 
time points would not be compared and this simplified each model. The linear model was 
fitted using “limma”, a software package used for fitting linear models for microarray data 
[140]. 
Experimental Design 
The experimental design used was a split-plot complete randomized block with two 
treatment factors: genotype and aphid treatment. The blocking factor is plant location in the 
growth chamber; specifically proximity to the edge of the rack (back wall, side wall, front 
shade). There are three blocks per plot and the plants’ locations are randomized within each 
block. The experimental unit is a soybean plant and the observational unit is the 3rd trifoliate 
leaf tissue from two plants. The response variable is the level of transcript expression. There 
are three replicates (of observational units) per treatment. The whole-plot treatment factor is 
the aphid treatment. Infested and uninfested plants are separated to avoid aphid 
contamination of uninfested plants.  
Simplified Model 
Y = aphids genotype aphids~genotype block 
Detailed Model 




: normalized signal for a probe set p, aphid treatment a, genotype g, replicate r 
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na g r  : log10-tranformed average aphid count for the sample (aphid treatment a, genotype g, 
replicate r) 
μp  : mean expression level for a probe set p, overall control treatment (no aphids, susceptible 
genotype) 
τp  : aphid treatment effect (aphids) for aphid treatment, probe set p, susceptible genotype 
γp  : genotype effect (genotype) for resistant genotype, probe set p, no aphids (control) 
(τγ)p  : interaction effect (aphids~genotype) for aphid treatment, resistant genotype, 
probe set p 
φp a r  : block effect (block) for aphid treatment a, replicate r, probe set p 
εp a g r  : residual random effects for aphid treatment a, genotype g, replicate r, probe set p 
a : aphid treatment number (1 = control, 2 = aphids); a ∈ {1,2} 
g : genotype number (1 = aphid-susceptible, 2 = aphid-resistant); g ∈ {1,2} 
r : replicate number within each treatment; r ∈ {1,2,3} 
p : probe set number; p ∈ {1..37653} 
Fixed terms: τ,  γ, (τγ)  
Random terms: φ, ε  
Detailed Model Term Descriptions 
Y : normalized intensity for this probe set and sample 
n : log10-transformed aphid count; the aphid count is really an average of the aphid counts on 
the two plants comprising this sample 
τ  : basically the ‘per aphid’ effect; anywhere it appears, it is multiplied times the transformed 
aphid count ; essentially the susceptible genotype’s response to aphids 
γ  : resistant genotype effect; the two genotypes are closely related but they might have 
differences even if no aphids are present 
(τγ)  : aphid treatment and resistant genotype interaction term; the resistant genotype may 
respond differently to aphids than the susceptible genotype 
φ  : block factor; one per block; the block can be determined by referring to the aphid 
treatment and replicate; this is a random term and all the block effects should add up to 
zero for each treatment 
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ε  : residual error; this includes any variation in experimental units and nuisance factors not 
explained by the other terms; there is one term per observational unit (sample); this is 
a random term so the sum of the residual errors for each treatment should be zero 
Comparisons 
Aphids vs. Control 
Within each genotype the aphid-infested and control (uninfested, no aphids) samples 
were compared. 
Resistant vs. Susceptible 
Within each aphid treatment the aphid-resistant and aphid-susceptible samples were 
compared. The comparison of uninfested resistant and susceptible plants is the most useful 
because it shows constitutive transcriptional differences between the two lines. 
Hypothesis Testing of Individual Genes 
For each comparison there was a hypothesis test to determine which probe sets were 
differentially expressed. First a moderated t-test was performed, then the p-values were 
converted to q-values, and then a list of differentially-expressed genes was generated 
according to the pre-determined p-value and q-value cutoffs. 
Moderated T-Test 
Our statistical test of choice is the “moderated t-test” created by Gordon Smyth 
[140].This test uses Bayesian statistics to get a better estimate of variation for each gene and 
therefore it increases the power of the test when compared to the ordinary t-statistic. 
Specifically, the moderated t-statistic follows a t-distribution with more degrees of freedom 
than the ordinary t-statistic. This method uses the statistical model (not simply the 
normalized data) to determine a p-value for each probe set. 
Q-Values 
After the moderated t-test produced p-values, they were converted to q-values [100] 
to account for the multiple testing error and a conservative false discovery rate (FDR) of 4% 
was specified.  
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Determination of Biologically Significant Differences 
For each comparison and probe set the fold change was calculated using the 
normalized intensity values (not the statistical model coefficients). The GCRMA-normalized 
data was log2-transformed, so first this data was un-log2-transformed. Then the experimental 
intensity was divided by the control intensity to provide the fold change if the result is one or 
greater. If the result was less than one, the negative reciprocal was taken to determine with 
the fold change. The minimum absolute fold change that represented a real biological 
difference was set at 2. 
Differential Expression Criteria 
An individual probe set was determined to be differentially-expressed (DE) for a 
given comparison if all of the following were true: p ≤ 0.0001, q ≤ 0.04, and absolute value 
of fold change ≥ 2.  
Differentially-Expressed Gene Sets 
Sets of genes work in concert so it’s important to consider the sets as well as 
individual genes. Also, it is possible to see changes in gene sets even if their individual genes 
are not differentially-expressed. 
Gene Sets 
Gene sets were defined as a subset of biological processes from Gene Ontology 
(www.geneontology.org). The biological processes included in this analysis were all a 
distance of three from the biological process root (total of 2108) plus biological processes 
specifically related to phytohormone pathways abscisic acid, jasmonic acid, ethylene, and 
salicylic acid. In the GO biological process graph (tree) it is possible to have cycles and 
nodes (individual biological processes) with multiple parent nodes. In order to assign probe 
sets to gene sets the following rules were made: First, if a probe set had an annotation for a 
biological process in between multiple gene sets in the graph, it was assigned to the closest 
one by graph distance. If the gene sets were the same distance, it was assigned to both. 
Second, even if a probe set has multiple annotations for a gene set, it is only assigned to the 
gene set once. Third, the “unknown” biological process was ignored. After assigning probe 
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sets to gene sets, the gene sets were filtered to ensure they have a minimum of three probe 
sets. Out of thousands of possible gene sets, only 455 remained after filtering. 
Statistical Method 
The Gene Set Analysis (GSA) method [110] was used to determine DE gene sets for 
each comparison. This method is robust does not allow a few extreme probe sets to dominate 
the analysis, provides a good compromise between randomization and permutation models, 
and their maxmean statistic has more power than the alternatives. This method includes 
hypothesis testing of individual genes. It uses t-tests, thus it was different from our method to 
determine individual DE genes(in which we used moderated t-tests). False discovery rate was 




The K-medoid method [142] was used. It is a robust iterative clustering method 
because it can recover from mistakes early in the procedure (unlike hierarchical clustering).  
Number of Clusters 
K-medoid clustering requires that the user provides the number of clusters (K). A 
range of K values is used, from the minimum (higher of 3 or 5% #probe sets) to the 
maximum (20% #probe sets). The optimal K value maximizes the average silhouette width 
[141], a metric used to find clusters in which the members are close together and separated 
from non-members.  
Distance Metric 
A distance metric was used to measure the distance of each probe set from other 
probe sets. The Euclidean metric was used because we have normalized data.  
Relevant Probe Sets 
DE probe sets for all comparisons were used in the clustering. Using all 37,653 probe 
sets would had been too computationally intense and resulted in excessive noise. 
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Probe Sets and Soybean Genes 
Mapping Probe Sets to Genes 
Affymetrix target sequences were blasted against the soybean genome (Soybean 
Genome Project, DoE Joint Genome Institute) to assign probe sets to actual genes. The probe 
sets were required to have 95% identity and a BLAST e-value < 10-30 to predicted cDNA in 
the genome to be matched with a soybean gene. Of the 37,500+ Affymetrix probe sets, 6,142 
did not match a gene, 822 matched multiple genes and were labeled “ambiguous”, and the 
rest matched genes. When duplicates were removed there are 22,763 unique soybean genes 
covered by the Affymetrix array. This work was done by Soybase 
(www.soybase.org/AffyChip).  
Differentially-Expressed Genes 
As expected, there was a difference between DE probe sets and DE genes because the 
probe set to gene mapping was not one to one. The summaries in Figures 2 and 12 of this 
thesis show the DE gene counts (not the DE probe set counts). When determining DE genes, 
only probe sets that match exactly one gene are included. For a given comparison, genes that 
have at least one DE probe set are labeled DE, even if other matching probe sets for that gene 
are not DE. The final DE gene counts were the unique DE genes for each comparison. Also, 
there was no gene that had a transcripts DE up and another transcript DE down in the same 
comparison. 
Quantitative Real-Time PCR (qPCR) 
Microarray results were confirmed for several genes using qPCR. Each run included 
the gene of interest and the reference gene ubiquitin (Glyma20g27950). Our reference gene 
analysis (not shown) determined that this ubiquitin gene was one of the best possible 
reference genes (top 20 out of 22,000+) based on the following criteria: low variance across 
all treatments, high q-values for all comparisons, relatively high expression, and consistency 
in the results for all matching probe sets. Standard curves were used to calculate the 
efficiency with the formula below: 
    efficiency  =  10 (– 1 / s lo p e )  – 1 
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The standard curves included at least five points (often seven) and fit well with r2 > 0.990. 
Melt curves were used to verify the correct PCR product. Reverse transcriptase negative 
(RT–) and No Template Control samples were included to check for genomic DNA and other 
contamination. Finally, ROX was used as a passive dye to correct for small differences in 
master mix volume. 
Quantification 
The Pfaffl method [147] was used to determine the fold changes for the comparisons. 
















Where: ∆Ctg  =  Ctg c  – Ctg e  
 ∆Ctu  =  Ctu c  – Ctu e  
Ctg c  : cycle time for control sample, gene of interest 
Ctg e  : cycle time for experimental sample, gene of interest 
Ctu c  : cycle time for control sample, ubiquitin 
Ctu e  : cycle time for experimental sample, ubiquitin 
effg  : efficiency of PCR reaction for gene of interest 
effu  : efficiency of PCR reaction for ubiquitin 
If the Ratio > 1, the Ratio was the fold change. Otherwise, the negative reciprocal is 
calculated to be the fold change. In some cases fold changes were not used and a quantity 
value was used instead. In these cases, quantities for each sample were calculated using the 
standard curves. Then the gene of interest quantity was divided by the ubiquitin to account 
for differences in the amount of cDNA in each reaction. 
Comparison to First Soybean Aphid Experiment 
Li et al. [74] revealed the aphid response at 6hr and 12hr post-infestation using cDNA 
microarrays. In order to compare their results to our results we needed to map their probes to 
our Affymetrix probe sets. We downloaded the target EST’s for their DE probes from NCBI 
and blasted them against the soybean genome to find gene matches (e-value ≤ 10-10). Their 
DE genes were then compared with our DE genes to find common changes. 
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Comparison to Rust and Cyst Nematode Responses 
Our results were also compared with Affymetrix GeneChip® Soybean Genome Array 
experiments revealing the response to Asian soybean rust (ASR) [67] and soybean cyst 
nematode (SCN) [68]. For those experiments, the raw “CEL” files were downloaded from 
PLEXdb (www.plexdb.org) and ArrayExpress (www.ebi.ac.uk/microarray-as/ae) for the 
ASR and SCN data, respectively, and their data went through the same statistical analysis as 
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APPENDIX C.  FATTY ACIDS GCMS ANALYSIS TOOL 
Importance of Fatty Acids in Plant Defense 
Fatty acids have many functions in plants, including energy storage and membrane-
related activities. They are also important in plant defense because they are precursors of 
known defense signals and defense-related volatiles. Linolenic acid is the most abundant 
fatty acid in soybean leaves, and it is the precursor of the defense hormone jasmonic acid 
(JA), as well as hexenal, a volatile implicated in herbivory and anti-microbial responses, and 
one of the main signals utilized by plants during priming [127, 200]. Fatty acid biosynthesis 
and catabolism genes are targets for defense-related regulation [201]. For example, the 
silencing of soybean stearoyl-acyl carrier protein-desaturase (SACPD), which catalyzes the 
synthesis of oleic acid, constitutively induces salicylic acid-related resistance to multiple 
pathogens [202]. Lipoxygenases, which often use free fatty acids as substrates, are induced in 
the defense responses of many species [200]. Fatty-acid derived volatile organic compounds 
are often used by plants to ward off herbivores, to attract predators of pests, and as airborne 
signals to induce systemic resistance [37, 43, 127, 203]. Overall, fatty acids have proven to 
have important roles in plant defense so they might have a critical role in the soybean plant’s 
defense against aphids. 
GCMS Tool 
Existing Tools 
 Gas chromatography mass spectrometry (GCMS) was used to determine the fatty acid 
levels in soybean leaves in response to aphid infestation. At the time we were planning our 
fatty acid analysis, there were several existing software programs that aid in GCMS data 
analysis, including AMDIS [204] and XCMS [205]. AMDIS is the automated mass spectral 
tool from NIST and its main function is identification of unknown compounds. XCMS is 
mainly concerned with peak identification and peak alignment, not necessarily metabolite 
quantification. These existing tools have their benefits but they do not provide all the 
identification and quantification functionality that would be needed for our GCMS analysis. 
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Therefore, we decided to create our own software tool which is described in more detail 
below. 
Description 
 MATLAB® (version 7.1, The MathWorks, Natick, MA, USA), a high-level statistical 
programming language, was used to create a program that processed the GCMS data and 
output results that consisted of lists of metabolites and their corresponding quantities for each 
sample. The detailed procedure begins with raw GCMS data. Noise was removed from the 
data using the same method as is found in AMDIS [204]. Background signals were 
subtracted based on blank samples and the data was smoothed using the Savitzky-Golay 
algorithm [206]. Peaks were then identified by analyzing the shape of the chromatogram. 
Then the peaks from different ions were aligned and fitted to a Guassian model function. At 
this point each peak was identified as a compound based on a representative mass spectrum, 
usually extracted from all the ion signals at a scan when the peak was near its apex. The 
extracted mass spectrum was normalized with peak scaling because larger ions are given 
more weight in the identification process [204]. The spectra were then matched to reference 
spectra in the NIST 2005 library. The matching process involved the use of a cosine distance 
metric and in the event that multiple library spectra were similar to an unknown spectra, a 
support vector machine classifier was used to determine the match [207]. After identification, 
the compounds were quantified by calculating the sum of the integration all the model 
functions of the composite ions. A statistical analysis was then performed to determine the 
treatment effects. This tool does not have a graphical user interface and it is not publicly 
available. It was used effectively to identify fatty acids in one experiment described below. 
Application of the GCMS Tool 
 The tool was used to identify and quantify fatty acids from soybean leaves from a 
growth chamber experiment using the Williams 82 cultivar. This full-factorial experiment 
involved the following treatments: aphids and drought. Leaves were sampled after one, two, 
and three weeks of aphid infestation. Free fatty acids were extracted [208] and derivatized as 
methyl esters. The compounds in the samples were then separated and processed using 
GCMS with a nonpolar column (Agilent HP-5ms). Our GCMS tool processed the raw data 
and provided the following notable results: palmitic and stearic acid levels were higher in 
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response to aphids at various times and oleic acid levels were somewhat suppressed after one 
week of infestation. Also, an unidentified fatty acid, which we called Peak 27, was shown to 
have a high correlation with aphid counts after three weeks of infestation.  
Peak 27 Results 
 Peak 27 eluted shortly after the 18:3 fatty acids and its quantity was shown to 
increase 137% in response to three weeks of aphid infestation (Fig. 21). It is named peak 27 
because it is the 27th largest peak in the average chromatogram. Figure 22 shows a plot of 
aphid counts versus peak 27 quantity and there is a positive correlation with an adjusted R2 = 
0.7356 for the best fit line. The mass spectrum for peak 27 does not match any known 
compounds in the NIST 2005 library. Mass spectral analysis indicates that it is a fatty acid 
with either three double bonds or one double bond and one triple bond. However, it’s 
difficult to determine the location of its double or triple bonds. It is not unusual for these 
bonds to migrate during GCMS so the best way to determine their location is by substituting 
sulfide groups with predictable fragmentation patterns [209, 210]. 
 
Figure 21.  GCMS chromatogram of after three weeks of infestation. The chromatogram above has been 
processed to remove background peaks, noise, and has been smoothed. Peak 27 is visible, eluting shortly after 
the 18:3 fatty acids.  
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Figure 22.  Correlation of peak 27 quantity to aphid counts. Twelve samples are represented as diamonds in 
the plot of peak 27 relative quantity (proportion of standard) versus aphid count after three weeks of aphid 
infestation. Six of the samples are control plants so they do not harbor any aphids. The dashed line is the best fit 
line showing the positive correlation. The adjusted R2 = 0.7356. 
Conclusion 
 Although this tool has not been rigorously tested to ensure quality, it proved to be 
very helpful in analyzing our GCMS data from a soybean aphid experiment. It efficiently 
quantified approximately fifty different peaks in our samples; even peaks that were very 
small and almost indistinguishable in the raw chromatogram. If the tool were to ever be 
available for widespread use, its accuracy would need to be verified, its performance 
optimized, and its user interface improved. It is very time-consuming for biologists to 
manually identify and quantify GCMS peaks. It would not be surprising if there are many 
fatty acids that are defense-related and have not yet been annotated as such because time 
constraints and current tools limitations have not allowed for a more comprehensive 
investigation of the smaller peaks in GCMS chromatograms.  
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